Light vehicle fuel efficiency standards and the rebound effect by Wang, Jiayu
1 
 
 
 
 
 
Light Vehicle Fuel Efficiency Standards and the Rebound Effect 
Jiayu Wang 
 
 
 
 
 
 
 
 
 
 
A thesis submitted for the degree of Doctor of Philosophy at 
The University of Queensland in 2018 
School of Economics 
  
2 
 
Abstract 
Australia is planning to take action to tackle climate change via improvements in light 
vehicle fuel efficiency. The proposed light vehicle emissions standards are expected 
to reduce petroleum use as well as greenhouse gas emissions from passenger 
vehicles, sports utility vehicles and light commercial vehicles. Consumers of light 
vehicles, including private households and firms, will respond to this policy in a way 
that maximise their utility based on economic theory. On one hand, these economic 
agents will use less petrol, through directly purchasing more efficient new cars to react 
to the mandatory standard. On the other hand, the more efficient vehicle will provide 
an incentive for the consumers to use it more as the effective cost of driving decreases. 
Understanding these economic and behavioural responses to the policy is crucial for 
policymakers. This thesis makes three contributions to understanding the policy and 
the associated rebound effect, focusing on the Australian proposed light vehicle 
emissions standards. 
First, this thesis contributes to theoretical analyses of the household and firm 
responses to a fuel efficiency improvement by investigating the utility maximisation 
problem and the cost minimisation problem of the economic agents in response to fuel 
efficiency changes. Using microeconomic theory, specifically the consumer and 
production theory, the theoretical study shows that the magnitude of the rebound effect 
is determined by different elasticities for the household and the firm, which also 
changes as the policy standards become more stringent.  
Second, this thesis makes an innovative contribution that enriches the modelling of 
the vehicle fuel efficiency changes over time. This methodological advance integrates 
time series analysis with detailed engineering fleet model to provide credible forecast 
for fuel efficiency changes under business-as-usual and policy scenarios. The time 
series approach captures the compositional changes of vehicles, or the taste shifts 
over vehicle types, and gives a stock change forecast to the model year 2025. The 
engineering fleet model takes into account the new vehicle sales, the vehicle stock 
turnover, distance travelled, and fuel consumption to make the best prediction on the 
fleet level fuel efficiency. The results from this study are crucially important for the 
simulations in the next study. 
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Third, the thesis contributes to the empirical studies of the rebound effect by simulating 
the BAU and policy scenarios in a computable general equilibrium framework. The 
direct rebound effect of the Australian proposed light vehicle fuel efficiency standards 
are shown to range between 25 per cent and 30 per cent, measured by petroleum use. 
Each of these policy scenarios is shown to have a much larger economy-wide rebound 
effect, reaching up to 50 per cent measured by life-cycle greenhouse gas emissions. 
Although the stringent fuel efficiency standard generates more direct rebound effects 
measured in percentage than the lenient and medium standards, the stringent policy 
produces the most reduction in carbon emissions measured in physical units overall. 
This thesis concludes by making policy recommendations based on the studies carried 
out in the previous chapters. It integrates the results from each of the individual 
analyses to provide a comprehensive understanding of the Australian proposed light 
vehicle fuel efficiency standards. The theoretical analysis of the behaviour of the 
household and the firm, together with the CGE simulations which use results from a 
detailed engineering fleet model, captures the economy-wide economic and 
environmental impacts of the policy that are essential for policymakers to evaluate 
each policy option. 
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Chapter 1 Introduction and Outline 
1.1 The Policy Issue 
On 23 April, 2016, after the success of the Paris climate conference (COP21) in 
December 2015, a total of 175 countries signed the Paris Agreement at the United 
Nations in New York to curb climate change (United Nations 2016). Historically, 
Australia ratified the agreement by setting ambitious targets to reduce emissions by 
26 to 28 per cent, from 2005 to 2030 (Australia Government 2015). This target means 
that by 2030, emissions will be reduced to between 261.1 to 268.3 megatonnes (Mt), 
compared to the current level of 549.3 Mt (Parkinson 2016). The CO2 emission 
mitigations planned by Australia will be crucial to the global climate targets on limiting 
the rise in global warming to well below 2 degrees Celsius.  
Australia’s main source of carbon dioxide emissions is the consumption of fossil fuels 
(DoE 2014). Transport emissions represent a key climate change challenge in 
Australia, exceeding over 90 Mt of greenhouse gas emissions (Bureau of 
Infrastructure 2009). The emissions from the use of both passenger and light 
commercial vehicles contribute to around 10 per cent of all Australian emissions (CCA 
2014a). Therefore, the Australian Government has announced plans to reduce carbon 
emissions from the transport sector by establishing mandatory fuel efficiency 
standards for light vehicles (Frydenberg 2016; Quiggin 2016).  
In fact, a recommendation for mandatory fuel efficiency standards had been proposed 
by the Climate Change Authority (CCA) two years earlier. On 26 June, 2014, the 
Climate Change Authority (CCA), an independent statutory agency of the Australian 
Government, released a research report proposing light vehicle carbon dioxide 
emissions standards to reduce greenhouse gas emissions from the private road 
transport sector by 59 Mt by 2030 (CCA 2014b). In essence, the light vehicle carbon 
dioxide emissions standards are equivalent to the fuel efficiency standards; the former 
measures fuel efficiency by CO2 intensity (g CO2/km), while the latter measures fuel 
efficiency by fuel intensity (L/100 km). 
From the first phase (beginning in 2018), as addressed in the report released by the 
CCA in 2014, all new light vehicles, including passenger cars, sports utility vehicles 
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(SUVs), and light commercial vehicles (with a gross vehicle mass under 3.5 tonnes1), 
will be mandated to meet the fleet-average CO2 emissions target specified in the 
proposition. If this policy is implemented as proposed, the progressive goal will require 
that the carbon dioxide emissions intensity of the new light vehicles at the fleet-
average level be reduced to 105 g/km by 2025, narrowing the gap between Australia, 
the United States, and the European Union (CCA 2014a). In addition, the estimated 
extra cost of a new car complying with this policy in 2025 will be around $1,500 (2014 
AUD), whereas the estimated extra savings from the decline in fuel use will be about 
$8500 (2014 AUD) over the life of the motor vehicle (ClimateWorks Australia 2014). 
Therefore, motorists will benefit from the implementation of a policy of this kind as the 
lifelong benefit outweighs the lifelong cost of a new vehicle that meets the standards.   
Unlike most developed economies, including the US, Canada, the EU, and Japan, and 
some developing countries such as China, India, and Brazil, Australia is unique in not 
enforcing mandatory standards on vehicle fuel economy or CO2 emissions (FCAI 
2016a). Even though the emission of carbon monoxide (CO), hydrocarbons (HC), 
oxides of nitrogen (NOx), and particulates (PM) have been under control since the 
early 1970s, and the target of standards on these pollutant emissions excluding carbon 
dioxide emissionshave seen progress over the past 40 years (Department of 
Infrastructure and Regional Development 2017; Grenning 1983), the newly-proposed 
CO2 emissions standards, if implemented, will be the first carbon dioxide emissions 
standards for road vehicles in Australia. 
Therefore, it is claimed that the proposed Australian light vehicle emissions standards 
will play a significant role in carbon dioxide emissions reduction in the transport sector 
(CCA 2014a).  
To date, however, there has been little agreement on whether the CO2 emissions 
standards could achieve the target of reducing greenhouse gas emissions. A CO2 
emissions standard, or a fuel economy standard, as a policy instrument, sets the 
maximum level of sales-weighted average of CO2 emissions intensity, or fuel 
consumption, for the new-vehicle fleet sold in the economy in a given year (CCA 
2014a; Clerides & Zachariadis 2008). This policy instrument directly mandates the fuel 
                                            
1  Segmentation Criteria. Federal Chamber of Automobile Industries, 
https://www.fcai.com.au/sales/segmentation-criteria 
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use per kilometre travelled, yet does not mandate the amount of petrol consumed. In 
addition, as the fuel use per kilometre travelled decreases, the fuel cost of driving will 
also decrease, which could lead to more fuel consumption. Hence, some economists 
argue that the implementation of standards is not the best policy for reducing fuel use. 
Mankiw (2006), for example, argues that “by making the car fleet more fuel-efficient, 
the regulations encourage people to drive more, offsetting some of the conservation 
benefits and exacerbating road congestion”. 
In fact, this counterintuitive consequence is not limited to fuel efficiency improvement. 
Any source of energy efficiency improvement could lead to more use of the product, 
undermining the energy savings. This thesis sets out to investigate the effect of energy 
efficiency improvement on energy consumption and answers the question of whether 
energy efficiency improvement could achieve the goal of reducing energy 
consumption. Furthermore, this research examines how much energy will be 
conserved by the proposed Australian light vehicle emissions standards in a 
computable general equilibrium (CGE) model.  
There are three hypotheses to be tested in the CGE chapter of the thesis. The first 
hypothesis is no rebound -- that fuel savings will be approximately equal to mechanical 
effects. The second hypothesis is rebound -- that much of the savings will be offset by 
rebound effects. And the third hypothesis is backfire – that fuel use and emissions will 
increase. 
1.2 Statement of the Problem  
While energy efficiency mandates have become one of the most popular policy 
instruments around the world in climate change, according to many economists, this 
policy may encourage consumption of energy-goods and services, thus offsetting the 
desired energy conservation. This phenomenon has been termed the “rebound effect” 
by economists (Greene 1992; Sorrell & Dimitropoulos 2007). Consider for a moment 
the case of the fuel efficiency improvement of a passenger vehicle. Suppose also that 
this technological improvement is costless and exogenous. First, the fuel requirement 
per kilometre driven is reduced, and if the motorist travels the same distance as before, 
the direct reduction in fuel use is the product of the fuel efficiency progress and the 
total distance travelled. This direct effect of a fuel efficiency improvement is termed 
the “mechanical effect” in this thesis. Secondly, as fuel use per kilometre decreases, 
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so does the fuel cost per kilometre. Following the law of demand, which states that as 
the price of a good or service (distance travelled by a private motor vehicle) decreases, 
demand for it will increase, if the good or service is normal, ceteris paribus, the 
distance travelled by the vehicle will increase. The difference between the fuel use for 
the new distance travelled in the new car and the fuel use for the old distance travelled 
in the new car is termed the “behavioural effect”. The rebound effect is the ratio of the 
behavioural effect to the mechanical effect, usually expressed as a percentage. When 
the rebound effect is large, the energy conservation becomes small. If the rebound 
effect is 100 per cent, for instance, the expected energy savings are completely offset 
by the behavioural effect. If the rebound effect is larger than 100 per cent, more energy 
is required to meet the growth in demand, a phenomenon termed “backfire” by 
rebound researchers (Gillingham, Rapson & Wagner 2015; Turner 2013). 
Since economic agents – consumers, producers, and government – make rational 
choices to maximise their utility as defined in conventional economics, they may 
consume more energy goods and services once the costs of these goods and services 
are lowered. Therefore, the rebound effect is not confine to consumers. To 
demonstrate, imagine how a steel manufacturer responds to an energy efficiency 
improvement. First, this improvement reduces the energy requirement per unit of steel 
produced. Second, if the production process allows for substitution between energy 
and labour, the manufacturer will substitute energy for labour, as energy is now 
relatively cheaper in the sense that the effective price of energy decreases. Third, after 
adjusting the input combinations in the steel manufacture to minimise the cost of 
production, the price of steel will drop once the market for steel is competitive. As a 
consequence, the demand for steel will increase, which returns to the previous 
example of the fuel efficiency improvement.   
It is also noteworthy that the scope of the rebound effect could reach both the indirect 
and the economy-wide realms. For example: after purchasing a hybrid vehicle, the 
motorist does not drive more. Instead, $600 is saved annually from adopting the hybrid 
vehicle; these savings are spent on air travel. Although this behaviour does not cause 
any direct rebound effect, taking air flights indirectly causes energy consumption and 
greenhouse gas emissions, as providing this service requires energy as an 
intermediate input.  
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The importance of understanding the mechanism of the rebound effect on different 
scopes has implications for economic theory as well as for climate policy. As described 
previously, the rebound effect is the phenomenon where actual energy savings are 
often less than those predicted by engineering calculations. The engineering 
calculation of energy savings, or the mechanical effect, is obtained directly by 
multiplying the energy efficiency improvement by energy consumption prior to the 
technological change. These ex-ante savings are derived from the assumption that 
energy use remains the same after the energy efficiency improvement. Economic 
theory suggests that energy efficiency improvement leads to a reduction in the 
effective energy price, thus encouraging energy use after technological progress in 
energy efficiency (Jevons 1865; Khazzoom 1980; Owen 2010; Sorrell 2009).  
Taking into account the rebound effect, the proposed Australian light vehicle fuel 
efficiency standards may not be as effective as projected. To illustrate the rebound 
and mechanical effects in this case, suppose that the fuel intensity of an automobile 
reduces by 20 per cent, from 10L/100 km to 8L/100 km, or the fuel efficiency improves 
by 25 per cent.2 Suppose also that a motorist drives 13,000 km per year before new 
fuel efficiency standards are applied. Total fuel use per year is the product of the fuel 
intensity and the total distance travelled per year. Using engineering calculations, the 
mechanical effect of fuel efficiency improvement will yield fuel savings of up to 260 
litres. However, if the motorist drives 10 per cent more, the fuel savings will reduce to 
156 litres. When considering the behavioural adjustment of the motorist, the rebound 
effect is 40 per cent; in other words, 40 per cent of the expected savings is taken up 
by the behavioural effect. Following is a table listing the calculation of the rebound 
effect. 
 
                                            
2 Fuel efficiency (km/L) is the inverse of fuel intensity (L/100km). For example, a fuel efficiency of 
10L/100 km is equivalent to a fuel intensity of 10 km/L and similarly, a fuel efficiency of 8L/100km is 
equivalent to a fuel economy of 12.5 km/L. Therefore, the fuel efficiency improvement in this case is 
25%. A detailed definition on energy efficiency can be found in Chapter 2. 
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Table 1-1 . Calculations on the mechanical, behavioural and rebound effects of a fuel 
efficiency improvement of a motor vehicle. 
 
Before Fuel 
Efficiency 
Improvement 
After Fuel 
Efficiency 
Improvement 
without 
considering the 
Behavioural Effect 
After Fuel 
Efficiency 
Improvement and 
considering the 
behavioural effect 
Fuel 
Intensity 
10 L/100km 8 L/100km 8 L/100km 
Kilometres 
travelled 
13,000 km 13,000 km 14,300 km 
Total Fuel 
Use 
1300 L 
(1) 
1,040 L 
(2) 
1,144 L 
(3) 
Mechanical 
Effect 
260 L=(1)-(2)   
Behavioural 
Effect 
104=(3)-(2)   
Rebound 
Effect 
40%=BE/ME   
Figure 1-1 provides a graphical illustration of the rebound effect, limited to the direct 
use of fuel. Using the previous example of fuel efficiency improvement of cars, the 
direct rebound effect is 40 per cent; the supposed fuel use reduction or the mechanical 
effect is 260 litres while the increase in fuel use in addition to the fuel reduction is 104 
litres. For the rebound effect, the proportion of this increase in fuel use in the 
mechanical reduction in fuel use is 60 per cent. The figure below illustrates the direct 
rebound effect in three steps. The first bar on the left represents the fuel use before 
energy efficiency improvement. The bar in the middle represents the fuel use after a 
fuel efficiency improvement, calculated by multiplying the percentage change in fuel 
intensity by the initial distance travelled. The difference between the two bars is the 
mechanical effect. The rebound effect is the difference between the final fuel use 
(considering behavioural adjustments such as an increase in distance travelled) and 
the fuel use (without taking into account such behavioural changes). How much the 
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behavioural effect takes back the mechanical effect is the rebound effect, often 
measured by a percentage.  
 
Figure 1-1 An Illustration of the direct rebound effect of an energy efficiency 
improvement. 
The rebound effect depicted above does not signify the end of the impact of an energy 
efficiency improvement. While the direct rebound effect is confined within the energy 
used in producing a certain good or service which is the recipient of the energy 
efficiency improvement, the rebound effect is not limited to directly capture the 
increase in the energy used in this specific good or service solely. Economic theory 
suggests a price change in one good may lead to changes in the consumption of other 
goods. Producing nearly all goods requires energy input; therefore, the rebound effect 
could occur indirectly from the supply side as the consumption of all other goods 
increases. The same theory applies to the industrial sector where energy serves as 
an intermediate input in the production of certain final goods. Similarly, almost all 
industries use various sources of energy as intermediate inputs. When the demand 
for other final goods changes, the demand for the intermediate input energy will also 
change. Consider household consumption as an example. The cost savings obtained 
from a more fuel-efficient vehicle could be spent on a recreational trip by airplane. 
Powering this air flight requires energy input, such as aviation turbine fuel. Therefore, 
there is an increase in the energy demand for other goods, which is indirectly induced 
by the fuel efficiency improvement in the automobile. 
Fuel Use 
Initial fuel use Fuel use after a fuel 
improvement by 
engineering calculations 
Fuel use after a fuel 
improvement considering 
the rebound effect 
Mechanical 
Effect
 
Behavioura
l Effect 
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On the other hand, a fuel efficiency improvement at the industrial level may contribute 
to GDP growth, the same role played by any technological improvement. The growth 
in GDP may drive up private consumption, government expenditure, and exports. All 
these changes may indirectly lead to a potential rebound effect that may offset the 
expected energy savings from energy efficiency improvement.   
1.3  Definitions and classifications of the rebound effect  
1.3.1 Definitions of the rebound effect 
Full comprehension of the definition of the rebound effect is crucial for analysing the 
rebound effect. Researchers widely agree that rebound effects are the behavioural 
adjustments of economic agents that offset supposed energy savings (Gillingham et 
al. 2013; Greene 2012; Sorrell 2007). Sometimes, as studies commonly focus on 
greenhouse gas emissions, rebound effects measure how these economic 
behavioural changes offset the supposed greenhouse gas emission reductions 
(Murray 2013). Specifically, the rebound effect is expressed as “the percentage of the 
forecasted reduction in energy use that is lost due to the sum of the consumer and 
market responses”, according to Gillingham, Rapson and Wagner (2015). The 
rebound effect could equally be expressed based on a unit of greenhouse gas 
emissions, which could differ from the rebound measured by energy, for the emissions 
are not always generated by energy consumption but from other activities, such as 
rumination of cattle on a farm.  
One of the classic examples of the rebound effect – how the consumer adjusts the 
demand for energy after a fuel efficiency improvement of the car – has been explained 
in the previous section. However, this example of fuel efficiency improvement only 
considers a direct rebound effect. The following section describes the classification of 
the rebound effect and the definition of each type of the rebound effect. 
1.3.2 The classification of the Rebound Effect 
Although a number of studies have empirically estimated the rebound effect, a limited 
number of researchers have contributed to its classification. While the first 
classification proposed by Greening et al. (2000), consisting of four types of rebound 
effects, provides a detailed and thorough picture of the rebound effect, the simpler 
three-type classification by Sorrell (2007) is now widely accepted. Both classifications 
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of the rebound effect cover micro- and macro-economic adjustments of economic 
agents, but the latter focuses on the consumer.  
Greening, Greene and Difiglio (2000) categorised the rebound effect into four types: 
(1) direct effects;  
(2) secondary fuel use effects;  
(3) market equilibrium price and quantity adjustments (economy-wide rebound 
effects); and 
(4) transformational effects.  
Greening et al. (2000) recognised the difference between consumers and producers 
in the direct and secondary effects. For the consumer, direct rebound effects occur 
when energy efficiency improvement in a household appliance effectively reduces the 
cost of using it. Direct rebound effects for the consumer is the same as a price effect, 
which can be decomposed into a substitution effect and an income effect. Similarly, 
for the firm, direct rebound effects of an energy efficiency improvement in producing a 
certain output is similar to a price change in the input of energy, which can be 
decomposed into a substitution effect and an output effect. However, the 
decomposition at the firm level has not been clearly addressed by Greening et al. 
(2000).     
As for the secondary fuel use effects categorised by Greening, Greene and Difiglio 
(2000), these effects were discussed jointly by both consumers and producers. When 
energy efficiency improves, the demand for other energy goods may also change, 
which will cause secondary effects. Besides, as the demand for all other goods and 
services changes, this will lead to economic growth which, in turn, will increase the 
demand for energy. For example, as fuel efficiency of a motor vehicle improves, one 
of the secondary effects for a consumer, according to Greening et al. (2000), is the 
increase in demand for electricity and natural gas by the consumer. Furthermore, as 
the increase in real consumption contributes to economic growth, and the economic 
growth requires more energy consumption, the fuel efficiency improvement could 
cause additional secondary effects through the macro channel. 
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These two types of rebound effects mentioned above are based on the static analysis 
of economic theory. However, the third rebound effect, which is referred to as “price 
and quantity readjustments” or “economy-wide effects” in Greening, Greene and 
Difiglio (2000), involves general equilibrium thinking. An energy efficiency 
improvement can result in an effective and real change in fuel price, thus the direct 
and secondary effects without considering the real price change is incomplete. This 
“market equilibrium” rebound effect captures the gap between the partial equilibrium 
and the general equilibrium; in other words, readjustments of price and quantity led by 
the energy efficiency improvement result in the economy-wide rebound effect that is 
beyond the scope of direct and secondary responses to an energy efficiency 
improvement. 
The fourth effect, named the “transformation effect”, results from consumers’ shifts in 
taste, manufacturers’ production rearrangement, and even social institutional 
changes, which are the consequences of improvements in technology. However, 
conventional economic theory does not offer predictions of these changes, as the 
scope of the transformational effect is too broad to capture comprehensively. This 
effect remains to be investigated, and its complexity requires a time series household 
dataset collected over time (Greening, Greene & Difiglio 2000).  
On the other hand, according to Sorrell (2007), the rebound effect can be classified 
into three categories: the direct, indirect, and economy-wide. As did Greening et al. 
(2007), Sorrell (2007) distinguished rebound effects for both producers and 
consumers. However, the classification by Sorrell (2007) indicates that the economy-
wide rebound effect is the sum of the direct and indirect rebound effects. This 
classification implies that the indirect rebound effect is considered in a general 
equilibrium setting instead of partial equilibrium, where energy price is exogenously 
determined. 
Specifically, inherent in Greening’s classification, Sorrell (2007) explained the direct 
rebound effect as a pure price effect, which can be decomposed into a substitution 
effect and an income effect for a consumer, and a substitution effect and an output 
effect for a producer. 
As for the indirect effect, Sorrell (2007) decomposed it into an embodied energy effect 
and secondary effects. An embodied energy effect is the energy required to produce 
33 
 
the equipment that could be used to achieve the energy efficiency improvement, such 
as the energy required to manufacture a new hybrid car. The secondary effects were 
characterised by five channels. First, from a consumer’s perspective, savings from an 
energy efficiency improvement at the household level may be spent on other goods 
and services. Producing these goods and services requires energy as an input. 
Therefore, the energy consumption from other sources may increase. For example, a 
consumer may spend the fuel savings from a fuel-efficient car on an air flight. For a 
producer, an energy efficiency improvement may reduce the cost, hence the price, of 
the product. The demand for other intermediate inputs, such as steel, plastic, and other 
materials may increase, which also require extra energy to produce. Second, the 
reduction in the price of this product (say, A) may lead to reductions in prices of other 
goods, where product A is an intermediate input for producing other goods. Therefore, 
as prices of other related goods reduces, the demand will increase, and so will the 
demand for energy. Third, from a macroeconomic scope, any technological 
improvement will boost economic growth, and consumption will increase 
correspondingly. This will encourage energy consumption. Fourth, similar to the 
economy-wide rebound effect defined by Greening et al. (2000), an energy efficiency 
improvement may lead to a decreas in real energy price, which will encourage energy 
consumption and investment. Finally, the energy efficiency improvement will have a 
larger impact on the price of energy-intensive goods than on goods that are less 
energy intensive. Consumers may move away from less energy-intensive goods in 
favour of energy-intensive goods, creating additional indirect rebound effects. 
In my thesis, I combine the definitions by Greening et al. (2000) and Sorrell (2007), 
and classify the rebound effect into three categories: direct, indirect and economy-
wide; however, the definition of each category of the rebound effect is slightly different 
from Sorrell’s three-type classification. This new classification in the thesis helps with 
framing the theoretical analysis, providing a clearer boundary when reviewing 
empirical studies on the magnitude of the rebound effect. 
First, the direct rebound effect is defined separately for consumers and producers in 
a partial equilibrium setting, where the energy price is exogenously determined; the 
energy efficiency improvements do not alter the real energy price. For a consumer, 
consistent with Greening (2000) and Sorrell (2007), the direct rebound effect is a price 
effect of an energy efficiency improvement on energy consumption, which can be 
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decomposed into a substitution effect and an income effect. Taken together, these 
effects will offset the mechanical effect of the energy efficiency improvement. 
However, this direct rebound effect is limited to the change in energy consumption 
when energy efficiency improves. For example, when the fuel efficiency of an 
automobile improves, the direct rebound effect only captures the fuel used by this 
automobile, and neglects its effects on the consumption of other forms of energy, such 
as electricity and natural gas. Similarly, for a producer, the direct rebound effect is a 
partial equilibrium price effect in the market, which can be decomposed into a 
substitution effect and an output effect. The direct rebound effect is again confined to 
the use of the energy induced by the increase in demand for this energy good or 
service for which efficiency is improved. How these channels work will be discussed 
in detail in Chapter 3. 
The direct rebound effect can be measured by different units, such as direct energy 
use, direct greenhouse gas emissions, embodied energy use and embodied 
greenhouse gas emissions. When two consumers experience the same magnitude of 
the direct rebound effect measured by energy quantity, it does not necessarily mean 
that the direct rebound effects between these consumers measured by embodied 
greenhouse gas emissions are the same, for the latter depends on how energy is 
produced, distributed, and used. For example, two consumers, one situated in 
Tasmania and the other in Queensland, both adopt a new energy-saving LED that 
shows a rebound effect of 10 per cent. The major energy source for electricity 
generation in Tasmania is hydropower, while the major energy source for electricity 
generation in Queensland is coal. This difference in energy sources implies that the 
carbon intensity of electricity in Tasmania is much lower than that of Queensland. 
Therefore, when translating into embodied greenhouse gas emissions, the size of the 
rebound effect may vary according to the carbon intensity of this energy.    
Second, the definition of the indirect rebound effect remains the partial equilibrium 
responses of consumers and producers; however, these responses expand to all other 
goods and services that the consumer or the producer demand. For a consumer, the 
price effect of the energy efficiency improvement will flow to the consumption of all 
other goods and services consumed by them. Since nearly all goods and services 
require energy to produce, the increased demand for other goods and services will 
result in more energy consumed indirectly, which may not be used by the consumer 
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directly. The increase in the embodied energy consumption of all goods and services, 
except the energy good or service for which energy efficiency is improved, is the 
indirect rebound effect of a consumer. A similar rule applies to the producer. When 
energy efficiency improves for a firm, the price of the product will be lowered, as the 
cost of production is reduced in a competitive market. Therefore, the output will 
increase. To meet the increased demand for the output, from consumers or other 
firms, other intermediate inputs will increase. Since producing other intermediate 
inputs requires energy, more energy may be used to meet the increase in the output 
of the company. The change in the embodied energy use from the increase in all the 
other inputs is the indirect rebound effect at the industrial level. 
More often than not, the indirect rebound effect is measured by the embodied 
greenhouse gas emissions, for greenhouse gas emissions directly impact climate 
change. These embodied measurements would result in a different magnitude of the 
rebound effect than that measured by embodied energy. One obvious reason is that 
various energy sources produce different amounts of greenhouse gas emissions per 
unit of energy produced. For example, when energy is produced by renewable energy, 
such as solar power, the emissions are much lower than energy produced by fossil 
fuels. If an economy relies on renewable energy, even if there is a large indirect 
rebound effect measured by energy consumption, it does not necessarily translate to 
a large rebound measured by greenhouse gas emissions. Another reason why these 
two measurements could yield different results is that some economic activities emit 
large quantities of greenhouse gases yet do not require much energy input. For 
example, raising cattle emits more greenhouse gases than the emissions from energy 
this activity consumes. The rumination of a cattle emits methane, which has a global 
warming potential factor roughly 30 times that of carbon dioxide (EPA 2017b). In 
addition, the change of land use, such as converting forest land into residential area 
could also result in CO2 emissions, for the storage of CO2 by trees in the forest will be 
lost when it is cleared (EPA 2017a).  
The economy-wide rebound effect is defined as the total rebound effect in a general 
equilibrium framework in this study. The total rebound effect considers all the factors 
that contribute to a potential increase in energy consumption following an energy 
efficiency improvement. First, the economy-wide rebound effect includes the direct 
and indirect rebounds in a partial equilibrium. Next, the economy-wide rebound effect 
36 
 
considers the general equilibrium adjustments of an energy efficiency improvement. 
As all activities in an economy are interactive, an energy efficiency improvement may 
change the real price of energy, thus leading to adjustments of all economic agents – 
producers, investors, private households, government actors and exports – if the 
economy is open. Ideally, the economy on which a responsible climate policymaker 
focuses should be the global economy; he would not expect that the country that 
implements a certain climate policy will reduce carbon emissions domestically, 
whereas other countries emit more emissions due to this policy. For example, an 
energy efficiency mandate on a good or service within an economy may encourage 
the exportation of the good or service overseas. Finally, there are a few effects that 
may even go beyond the scope of a general equilibrium, such as technology diffusion 
effects and consumers’ preference shifts. Due to technology diffusion effects, 
according to Van den Bergh (2011), firms may learn to improve their energy efficiency 
by investing in research and development (R&D). Therefore, an energy efficiency 
improvement may lead to further energy efficiency improvements across sectors over 
the long term, which may impact the overall energy use in an economy. Consumers’ 
preferences may also change with energy efficiency improvements over time. For 
example, consumers may switch from small cars to larger vehicles when the fuel 
efficiency of both categories of vehicles improves. 
When calculations of the economy-wide rebound effect are based on the quantity of 
energy use, the total rebound effect comprises the increase in the overall energy use 
of all energy sources compared to the expected use of energy, taking into account the 
mechanical effect solely after a given type of energy efficiency improvement, such as 
the fuel efficiency improvement of motor vehicles. The economy-wide rebound effect 
could be, and usually is, measured by CO2 emissions rather than the unit of energy, 
i.e. gigajoule (GJ); the energy unit may include energy provided by renewable energy 
sources that may not have an adverse impact on climate change.   
To sum up, the direct rebound effect is a partial equilibrium response by the consumer 
or the producer to a lower energy cost per unit of a good or service. However, the 
direct rebound effect only captures the change in the demand for energy of the good 
or service for which the energy efficiency is improved.  
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The indirect rebound effects are partial equilibrium responses to changes in private 
consumption or intermediate demand to lower energy cost per unit of product of all 
goods and services, except the energy good that is defined by the direct rebound 
effect, arising from income effects, complementary relationships and so on. 
The economy-wide rebound effect is the general equilibrium effect of changes in all 
agents’ demand for energy, taking into account all interactions. It is the total rebound 
effect, consisting of the direct, indirect, and general equilibrium effects. 
All rebound effects can be measured by the unit of energy consumed or by greenhouse 
gas emissions, depending on the purpose of the studies. I use the greenhouse gas 
emissions measurement in my thesis to reflect that the focus of the Australian 
proposed light vehicle standards is on mitigating greenhouse gas emissions that 
impact climate change. .  
1.4 Scope and objectives of the thesis 
This thesis attempts to systematically explore the effects of energy efficiency on 
energy consumption, with a focus on the rebound effect. The goal of the thesis is to 
test the hypothesis that the rebound effect could undermine the effectiveness of the 
Australian proposed light vehicle standards. To achieve the aim, I first develop 
theoretical models to explore the rebound effect from both the supply side and the 
demand side. Few theoretical analyses investigating the difference between the 
rebound effect from an energy efficiency improvement in the production and 
household sectors have been carried out. In addition, I attempt to differentiate the role 
of an exogenous costless energy efficiency improvement from the costly policy-
induced energy efficiency improvement. Furthermore, I characterise the indirect 
rebound effect at the household sector. Second, I describe current light vehicle use in 
Australia and the essential policy background for the analysis presented in the 
subsequent chapters. Finally, I simulate the proposed light vehicle emissions standard 
in a computable general equilibrium (CGE) modelling framework. An economy-wide 
model is crucial in this analysis because it captures how a fuel efficiency improvement 
in one sector affects prices of all commodities, and how price changes are passed on 
to other sectors and end users.  
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 Objectives 
The objectives of the thesis are: first, to examine the economic theory of the rebound 
effect; second, to investigate how the proposed Australian light vehicle emissions 
standard would affect the energy used by light vehicles in Australia. Besides, the 
economy-wide effects, which is the energy used and carbon emissions released by 
the whole economy, of the policy is of interest. The Australian proposed light vehicle 
emissions standard exemplifies the energy efficiency policies that have been widely 
adopted around the world. However, the rebound effect of such policies has not been 
widely understood by policymakers. To determine the magnitude of the rebound effect 
of this policy, we must first examine the theory of the rebound effect, the channels of 
the direct and indirect rebound effects, and determinants of rebounds from different 
agents. A sound understanding of the theory is necessary to comprehend the empirical 
studies on the rebound effect.  
The following task is to empirically test the hypothesis that a light vehicle emissions 
standard will induce the rebound effect that offsets the emissions reductions expected. 
The approach to the rebound analysis is the development and application of a CGE 
model that simulate the policy scenario of interest. To simulate the economy-wide 
rebound effect of climate policies, CGE models are particularly desirable for capturing 
the interactions within broad sectors and economic agents. My thesis introduces new 
capability into the CGE models by adding detailed light vehicles usage into the model 
and its database. This new feature allows more comprehensive simulations for energy 
and environmental policies focusing on light vehicles.    
 Research Questions 
The first part of the thesis involves a theoretical investigation of the household and 
industry responses to an energy efficiency improvement. The following research 
questions are addressed from a neoclassical economist’s perspective: 
1. How does an exogenous and costless energy efficiency improvement in a 
household appliance affect the household demand for energy, and for other 
goods and services? 
2. How does a policy-induced and costly energy efficiency improvement in a 
household appliance affect household demand for energy, and for other 
goods and services? 
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3. How does an exogenous energy efficiency improvement at an industrial level 
affect the energy demand at this industry?  
4. Does an increase in energy efficiency lead to more energy consumption and a 
rise in CO2 emissions in the household and in the industry? 
5. What does the magnitude of the direct and indirect rebound effects depend 
on? 
The aim of the second part of the thesis is to introduce the background of light vehicle 
use in Australia as well as the essential policy basics on fuel efficiency standards. 
Specifically, I answer these questions: 
1. What is the fuel efficiency level of new light vehicles in Australia? 
2. What is the average fuel efficiency level of the whole light vehicle fleet in 
Australia? 
3. How do fuel efficiency standards perform in countries that have been 
implementing these policies, such as the US, the EU, and Japan? 
4. What does the baseline scenario suggest about the ability of Australia to 
reach the emissions target without policy intervention through to 2020? 
In the third part of the thesis, using essential economic and policy background to hand, 
I empirically explore the effect of the Australian proposed light vehicle emissions 
standards in a CGE model. The main questions of interest are: 
1. How does an emissions standard affect the overall emissions of a 
representative household? 
2. How does the emissions standard affect the industrial use of fuel and 
production of emissions? 
3. What is the economy-wide rebound effect of this policy? 
4. How do these results compare to a carbon tax imposed on fuel use designed 
to achieve the same reduction in emissions? 
5. What can be learned from the outcomes of the policy simulations regarding 
the effectiveness of the mandatory standard and carbon tax?  
1.5 Structure of the thesis 
The dissertation is organised as follows. Chapter 2 presents a review of the literature 
of the impact of energy efficiency improvement on energy consumption. I first provide 
a chronological literature review on the rebound effect covering the period from the 
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1860s to 2010s. This review summarises the questions of interest in each time period. 
Next, I offer a thematic review with a focus on the different scopes of the rebound 
effect: the direct, indirect, and economy-wide. I review the methodology and the key 
results of each important study in the rebound field. Finally, I identify the gaps in the 
existing literature that this thesis seeks to fill. 
Chapter 3 considers the economic theory of the rebound effect. Having identified this 
gap in the literature on the rebound effect in the previous chapter, I use modern 
microeconomic theory, particularly demand theory and production theory, to build 
models that capture the mechanism of the rebound effect from energy efficiency 
improvements at the household and company levels, respectively. In addition, I study 
the rebound effect of a costly energy efficiency improvement derived from mandatory 
standards. Furthermore, I characterise the indirect rebound effect measured by 
embodied CO2 emissions in the household sector. 
Chapter 4 frames the topic of the Australian climate policy for light vehicles, offering 
essential background for the theoretical analysis and empirical modelling presented in 
the subsequent chapters. It introduces the Australian automobile industry in a global 
context. The performance of major automakers are compared in the context of a limit 
curve and the relationship between vehicle CO2 emissions and vehicle engineering 
attributes. The background analyses depict the critical technical, conceptual aspects 
of the proposed light emissions standard for Australia by the CCA, to assist the CGE 
modelling of the mandatory standards.  
Chapter 5 provides a detailed time series econometric analysis of the carbon intensity 
of the vehicle fleet to forecast an Australian business-as-usual (BAU) scenario for 
2020, which will be one of the key inputs into the CGE simulations in the subsequent 
chapter. In this chapter, I collect data on new vehicle sales by vehicle type, the average 
new vehicle fuel efficiency and CO2 emissions intensity, the average age of the whole 
fleet of vehicles from 1994-2016. A vector auto-regressive (VAR) model is used to 
forecast the fuel efficiency level in 2020, given the historical behavioural changes in 
vehicle size, age, and number.  
In Chapter 6, I simulate the BAU scenario and the policy scenario in a CGE model. 
This chapter also considers an alternative policy scenario where a carbon tax on fuel 
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use is simulated. Furthermore, I provide a sensitivity analysis for validating the 
simulation results. 
Chapter 7 concludes by integrating the outcomes of the research questions in each 
chapter to provide policy recommendations. It links the findings from the empirical 
analysis in Chapter 6 to the theoretical investigation on the rebound effect in Chapter 
3. Recognising the key factors determining the magnitude of the rebound effect, this 
thesis suggests that the proposed Australian light vehicle emissions standards may 
play a role in greenhouse gas emission reductions when the rebound effect is 
minimised. With a combination of additional policy options, the rebound effect could 
be reduced to negative, making the standard more effective in achieving its goal of 
reducing CO2 emissions.    
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Chapter 2 A Review of the Literature on the Rebound Effect 
In the first chapter I introduced the policy issue of energy efficiency standards and 
defined the rebound effects – the counterintuitive, undesired consequences of energy 
efficiency improvements – that offset the supposed energy conservation target. In 
addition, I outlined the questions this thesis aims to answer and the approaches to 
addressing these questions of interest. 
Based on the definitions and the classifications – direct, indirect, and economy-wide – 
of the rebound effect discussed in Chapter 1, in this chapter I will thoroughly review 
the existing literature on the economic forces that nullify the potential energy savings 
from energy efficiency improvement. This literature review is crucial in that it 
systematically investigates the complete economic and environmental impacts of a 
proposed energy efficiency scheme, such as the Australian proposed light vehicle 
emissions standards. 
I will begin by clarifying the terminology of “energy efficiency” both in physics and in 
economics, then move to investigating how economists study the micro and 
macroeconomic adjustments to energy efficiency improvement through history. Then, 
following a chronological order, I review the literature, giving an evolutionary map of 
the research of the rebound effect and highlighting the major findings throughout each 
period. Further, I survey the studies of the rebound effect in a thematic manner, 
focusing on the methodology and results of each of the key studies that have been 
carried out by rebound researchers on direct, indirect, and economy-wide rebound 
effects. Finally, I conclude and identify the gaps in this field of study and suggest 
possibilities for future research.  
2.1 Introduction 
The question of whether the rebound effect could undermine the effectiveness of 
energy efficiency policy in general has engendered debate in the academic and policy 
arenas. The rebound effect is a phenomenon where an improvement in energy 
efficiency may result in an increase in the consumption of the final good that is 
produced by energy and other inputs; thus, energy savings could be less than 
projected by the engineering calculations. For example, a 20% fuel efficiency 
improvement in automobiles may not lead to a 20% reduction in fuel usage or 
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engineering calculations, because the fuel efficiency effectively reduces the price of 
travelling by car, which may cause more journeys or longer distances travelled. 
In fact, this paradoxical phenomenon has been recognised for over a century. 
Economists, beginning with Jevons (1865), observed that coal consumption in Great 
Britain increased with energy efficiency improvement in the industrial revolution. 
Jevons hypothesised that instead of saving energy, energy efficiency improvements 
will eventually lead to a “backfire”, where the consumption of energy is even larger 
than before the technological progress in energy efficiency.   
In this chapter, I first provide a chronological literature review on the rebound effect to 
show the development of the rebound research. Seminal works, main ideas, 
conclusions, and theories on the rebound research in each period are highlighted. 
Next, I offer a thematic review on the direct, indirect, and economy-wide rebound 
effects to report the findings to date and to identify gaps in the existing literature. The 
thematic literature review identifies main methodologies of the rebound effect at these 
three levels.  
This chapter is structured as follows. In section 2.2, I introduce the concept of energy 
efficiency, and discuss the differences between the definition of energy efficiency in 
economics and in physics. In section 2.3, I provide a detailed literature review on the 
rebound effect in chronological order. First, I discuss the earliest hypothesis of the 
rebound effect, known as the Jevons Paradox. Next, I describe the rise and fall of the 
debate on the rebound effect. Third, I point out the uncertainties remaining in the 
current research era. In section 2.4, I draw together evidence from the existing 
research to explain which methods have been used and what results have been found 
by rebound researchers on each level of the rebound effect. Section 2.5 provides the 
conclusion and suggests some gaps in this area of the rebound research.  
2.2  Energy Efficiency and Carbon Intensity 
The term "energy efficiency" in energy economics is closely related to the term in 
physics; however, there are some differences between these two definitions. 
Understanding the definition is crucial in rebound effect research, which relies on the 
investigation of the role of the energy efficiency improvement played in energy 
consumption. 
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In physics, energy efficiency is rooted in thermodynamics, which is concerned with 
how heat is transformed into mechanical energy, or work. The machine that performs 
this transformation is a heat machine, such as the spark ignition engine of a traditional 
automobile. The first and second laws of efficiency provide knowledge on how energy 
efficiency is defined and energy efficiency limits. The first law of thermodynamics 
states that energy cannot be created or destroyed, but can be transformed from one 
form to another (Masters & Ela 1991). The first law of thermal efficiency, therefore, is 
defined as the ratio of the network output to the total heat input.  
 
𝜂𝑓 =
𝑊𝑛𝑒𝑡,𝑜𝑢𝑡
𝑄𝑖𝑛
=
𝑄𝑖𝑛 − 𝑄𝑜𝑢𝑡
𝑄𝑖𝑛
= 1 −
𝑄𝑜𝑢𝑡
𝑄𝑖𝑛
 
(2.1) 
 
The second law of thermodynamics further specifies that heat cannot be converted to 
work completely without loss, even in a “perfect machine”, because of the increase in 
entropy. Carnot proved that a perfect machine could achieve a Carnot efficiency that 
any real machine could never reach. In other words, Carnot (1824) identified the 
theoretical upper limit of the efficiency, which is the ratio of the temperature of the 
difference between the hot and cold reservoirs to the temperature of the hot reservoir. 
Carnot also proved that the energy efficiency of a machine is always lower than that 
of a perfect machine. The energy efficiency of a perfect machine is limited by the 
temperature of the environment. He gives the formula of the energy efficiency of a 
perfect machine as follows: 
 
𝜂𝑐 =
𝑇𝐻 − 𝑇𝐶
𝑇𝐻
= 1 −
𝑇𝐶
𝑇𝐻
 
(2.2) 
where 𝜂𝑐 is the energy efficiency, 𝑇𝐶 is the absolute temperature of the cold system, 
and 𝑇𝐻 is the absolute temperature of the hot system.  
The second law efficiency, measuring how much of the Carnot efficiency is achieved 
by a heat machine, is the ratio of the Carnot to first law efficiencies. It can be seen as 
a “conditional” efficiency, given the maximum of theoretical efficiency a heat machine 
can achieve. The following equation gives the formula of the second law efficiency: 
 𝜂𝑠 =
𝜂𝑓
𝜂𝑐
 
(2.3) 
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In addition, energy efficiency could extend to measure the life-cycle of energy use. To 
illustrate, consider the case of a typical petrol engine. The first law energy efficiency, 
which measures how much energy flowing into an engine is used for providing actual 
work, is around 30% (Heywood & MacKenzie 2015). As shown in Figure 2.1, as only 
30 units of the fuel in the tank has been effectively converted into propulsion when 100 
units of petrol flow into a car, around 70 units of petrol is lost in the engine. If taking 
the life-cycle into account – the transmission and distribution process – the fuel 
efficiency reduces to 25%. The reason is shown in Figure 2-1, that an additional 20 
units of petrol is required to supply 100 units of petrol into a car. Once taking into 
account the refining and distribution losses, we see that fuel efficiency becomes even 
less. 
 
Figure 2-1 Energy flows in a petrol-fuelled automobile with the percentage of energy 
used in each process. The three figures represent the results for different testing 
modes. Source: National Petroleum Council (2012).. 
In energy economics, instead of measuring how much of the energy itself is being 
efficiently used by the machine, energy efficiency is used to describe how many useful 
services or goods are provided by a certain amount of energy. Sometimes, economists 
adopt the term “energy intensity”, or energy consumption per unit of good or service 
as an indicator for energy efficiency. Energy intensity is, in fact, the inverse of energy 
efficiency, holding other inputs constant, measuring how much energy is required to 
provide a given quantity of goods or services. The definition of energy efficiency could 
also be seen as an improvement in the energy augmentation index in the production 
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function (Saunders, HD 2000). For example, miles per gallon (mpg) is a unit for energy 
efficiency in automobile fuel use, as it measures how much distance is travelled using 
one gallon of petrol. The energy intensity, therefore, is the inverse of mpg – gallons 
per mile. However, this unit for fuel consumption per unit distance travelled is rarely 
used; instead, one commonly used unit of fuel intensity, in some cases called fuel 
consumption, is L/100km. When a car is labelled with a fuel consumption of 6L/100km, 
it means that 6 litres of petrol is required to provide 100 km distance or the transport 
service in an ideal environment, or the test-driving environment. The real-life fuel 
consumption is usually higher than the testing environment. Obviously, the lower the 
energy intensity, the higher the energy efficiency.  
Throughout this thesis, I use the definition "energy efficiency" from the economist's 
point of view, which measures how many final goods or services are provided by one 
unit of energy input. 
Energy efficiency in economics depends on the energy efficiency in physics, as well 
as a number of other variables (Heywood & MacKenzie 2015). For example, if engine 
losses are reduced by advanced technologies (e.g. turbocharged engines), the fuel 
requirement will decrease, while travelling distance remains the same. However, to 
reduce fuel intensity or increase fuel efficiency, approaches are not limited to the 
engine efficiency improvement. In fact, vehicle weight, petrol quality, and driving 
behaviours are all factors affecting fuel efficiency. 
An energy efficiency improvement is usually seen as cost-effective, and does not 
necessarily include additional costs. It has been recognised that new car fuel efficiency 
has been improving at about 1.5% per year for the last several decades (John 
Heywood & Welling 2009). This autonomous energy efficiency improvement is usually 
seen as costless to the producers (Chen, H et al. 2015).  
However, the effects of costless energy efficiency differ from those of a costly energy 
efficiency improvement. When policy intervention is considered in the case of energy 
efficiency improvement, firms and consumers may bear extra costs in developing or 
adopting the new equipment that meets the policy target, which is usually higher than 
the autonomous energy efficiency improvement. For example, the European 
Commission estimated that additional costs associated with fuel efficiency 
improvements are of a third order polynomial form, which increases sharply as the 
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target becomes more stringent. This cost curve resembles the emissions abatement 
curve; fuel efficiency can be translated into carbon intensity, given the carbon content 
of the chemical fuel. Conversely, the spillover effect could reduce the cost of fuel 
efficiency technologies (Lanjouw & Mody 1996). With the spillover effect and the 
combination of the learning curve (Goldemberg et al. 2004), the cost of technology 
decreases significantly over time. 
From an economist’s point of view, energy efficiency is sometimes interchangeable 
with term energy productivity, under certain circumstances. The latter measures how 
much output, usually measured by a monetary unit, is produced by a unit of energy 
input, while the former measures how much work, either in physical goods, services, 
or converted to monetary values, is achieved by a unit of energy input. When energy 
efficiency is expressed by dollar per unit of energy input, these terms are the same, 
for they both measure how much output is produced by a unit of energy input. Rebound 
researchers, such as Greening et al. (2000), Sorrell (2007), Grepperud and 
Rasmussen (2004), and Glomsrød and Taoyuan (2005), use these terms 
interchangeably. 
As noted previously, energy efficiency can be translated to energy intensity; there is a 
link between energy intensity and carbon intensity, or greenhouse gas emissions 
intensity. Carbon intensity measures how much carbon dioxide emissions, or 
greenhouse gas emissions, are generated by producing a unit of useful work. The unit 
for carbon intensity varies; some commonly used units are g CO2-e/$, g CO2-e/kWh, 
g CO2-e/km, depending on the measurement of the useful work. For example, if the 
fuel intensity of a traditional petrol-fuelled vehicle is 5.8 L/100 km, this can be 
translated to 134 g/km and 159 g/km for tailpipe and fuel life-cycle emissions intensity, 
respectively. The tailpipe emission intensity is approximately converted by the 
chemical carbon intensity of fuel, which is 2.3 kg CO2 per unit of petrol. The fuel life-
cycle emissions intensity considers the emissions from the life cycle of the fuel use, 
including fuel production, refinery, and distribution process on top of the combustion. 
The energy intensity of a pure electric vehicle (EV) is 129 wh/km, which can be 
translated to zero tail pipe carbon intensity and a 121 g CO2-e/km fuel life-cycle carbon 
intensity, given the carbon intensity of electricity (GreenVehicleGuide 2017). The pure 
EV emits zero emission from the tailpipe because it does not combust fuel in its engine. 
Instead, it uses electricity, which is generated at a power plant elsewhere. The fuel 
48 
 
life-cycle emissions of a pure EV depends on how the electricity is generated. In 
Australia, the average carbon intensity of electricity reported by the National 
Greenhouse Account (Department of the Environment 2015) is around 1 g/wh, or 1 
kg/kwh. 
Since all industries use energy as an intermediate input for production (for example, 
transport), all goods and services are imbued with energy consumption, even though 
the end user may not directly need to consume energy to use it. In addition, all 
industries emit greenhouse gas emissions; some are from energy use, and some are 
not, such as agriculture or mining activities. Life Cycle Assessment (LCA) is widely 
used to provide the embodied energy, carbon, and greenhouse gas intensity of a good 
or service. LCA is a systematic approach, usually based on input-output analysis “to 
identify the resource flows and environmental impacts associated with the provision of 
products and services” (RIRDC 2009). The figure below shows the scope of LCA for 
an agricultural product, such as corn chips and wine. Life cycle assessment shows 
that the GHG emissions from a bag of corn chips, for example, derive from pre-farm, 
on-farm, and post farm activities. About 60% of the emissions are from processing, 
transport, and retailing (Grant & Beer 2008). To compare the GHG intensity across 
goods and services, the unit of GHG intensity is often transferred into one kilogram of 
CO2 equivalent per dollar value (kg/$) instead of kilogram CO2 equivalent per bag of 
corn chips or per bottle of wine. Using this transformation, it is easier to detect which 
good or service is embodied with the highest amount of GHG.  
     
Figure 2-2 Scope of Life Cycle Assessment. Source: RIRDC (2009) 
2.3 The history of the debate on the rebound effect 
In this section, I summarise the key finding of the rebound effect in chronological order. 
The economy-wide effect of energy efficiency improvements was first explored in the 
1860s. Additionally, I offer a critical review to show how my study is located within the 
awareness of the body of knowledge. The English economist Jevons (1865) has been 
widely acknowledged as the first to hypothesise the rebound effect; in fact, Jevons 
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argued that instead of saving energy, energy efficiency improvements would 
eventually lead to increased energy consumption. This postulation is called the Jevons 
Paradox. After Jevons's argument, there was a long time of silence before the debate 
on the existence of the rebound effect began in the 1980s; this lasted two decades, 
ending with agreements on the existence of the rebounds. However, uncertainties 
remain to be explored. The research focus has switched from estimating the direct 
rebounds to estimating the indirect and economy-wide rebounds. 
 The origin of the question: 1860s 
As rebound researchers widely agreed, the hypothesis of the rebound effect could 
date back to the 1860s, when William Jevons (1865) observed that coal consumption 
increased with energy efficiency progress in Great Britain during the Industrial 
Revolution. 
Jevons found that there are three channels through which energy efficiency 
improvement may not necessarily lead to energy savings. First, Jevons argued that 
the savings from efficiency progress could be used for economic growth. If the 
population grows, and the consumption of coal per capita is fixed, more energy will be 
required to feed the economy as the population grows over time. 
Second, Jevons believed that on the industrial level, an energy efficiency improvement 
may either increase consumption in the sector in which the energy efficiency improves, 
or result in the direct rebound effect. Jevons argued that, at the industrial level, the 
energy efficiency improvement is analogous to the machinery development that 
replaces workers. In the beginning, the employee may lose their job when the firm 
adopts new machines that save labour input. Later, however, as the demand for the 
good grows, the firm must expand production. Eventually, the firm has to hire more 
workers to produce more products to meet demand. This process could be applied to 
the energy efficiency technology. When energy technology allows the firm to use less 
energy input to produce the same amount of production, the energy will be saved. 
However, sooner or later, the demand for the final good will increase. The firm has to 
use more energy to produce more goods that meet the growth in demand.  
Specifically, Jevons (1865) described the direct rebound as (p76 chp.7), 
"The number of tons coal used in any branch of industry is the product of 
the number of separate works, and the average number of tons consumed 
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in each. Now, if the quantity of coal used in a blast-furnace, for instance, be 
diminished in comparison with the yield, the profits of the trade will increase, 
new capital will be attracted, the price of pig-iron will fall, but the demand 
for it increase, and eventually the greater number of furnaces will more than 
make up for the diminished consumption of each.” 
During the Industrial Revolution, the efficiency of the engine had increased more than 
tenfold, compared with the pre-industrial level (Jevons, 1865). In other words, the 
effective price of fuel reduced over tenfold during the period. The table below shows 
the progress of energy efficiency during the mid-18th century to the middle of the 19th 
century. The work is expressed by the number of pounds of water raised one foot high 
by the use of 84 lbs. of coal. 
Table 2-1. Energy efficiency improvement of engines during the Industrial 
Revolution. 
Year Engine Type Work done by 84 lbs 
of coal 
Index number of 
work 
1769 Average of old atmospheric 
engines 
5,590,000 100 
1772 Smeaton's atmospheric 
engine 
9,450,000 169 
1776 Watt's improved engine 21,600,000 386 
1779-1788 Watt's engine working 
expansively 
26,600,000 476 
1820 Engine improved by Cornish 
engineers 
28,000,000 501 
1830 Average duty of Cornish 
engines 
43,350,000 775 
1859 Average duty of Cornish 
engines 
54,000,000 966 
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1859 Extreme duty of best engine 80,000,000 1431 
Source: The Coal Question (Jevons, 1865, pp. 77-78). 
It is clear to see that during the Industrial Revolution, it was the energy efficiency 
progress that led to more affordable fuel for businesses. This is one of the most 
important sources of the rebound effect via a direct channel.  
Third, apart from the direct rebound effect, Jevons hypothesised that the spillover effect of 
energy efficiency technology could increase energy use in all industries. In other words, this 
effect is both the indirect and economy-wide rebound effect. 
Jevons explained,  
"It must be remembered that the progress of any branch of manufacture 
excites a new activity in most other branches, and leads indirectly, if not 
directly, to increase inroads upon our seams of coal."  
During the industrial revolution, energy efficiency technology had spread to all industries. 
Additionally, the technology introduced new industries such as railroad transport and 
automobile production into the economy of Great Britain. Therefore, Jevons postulated that 
"But no one must suppose that coal thus saved is spared---- it is only saved 
from one use to be employed in others, and the profits gained soon lead to 
extended employment in many new forms. The several branches of industry 
are closely interdependent, and the progress of any one leads to progress 
of nearly all." 
Jevons’ argument is probably the earliest hypothesis of the macroeconomic rebound effect. 
He pointed out the fact that all industries in the economy are linked together; the energy 
efficiency improvement will not be limited in one sector, nor will the energy be simply saved 
in that sector. Rather, the economy is likely to use more energy as a result of the 
complicated interactions between industries. 
Finally, Jevons concluded that coal consumption in the future was likely to increase to fuel 
economic growth. He reasoned, 
"If the economy in the past has been the main source of our progress and 
growing consumption of coal, the same effect will follow from the same 
cause in the future." 
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Although Jevons did not define or even use the term "rebound effect", his insights on the 
"paradoxical" effect of energy efficiency improvements are still of value for today’s rebound 
effect researchers. Jevons discovered a few channels of the rebound effect: the direct, 
indirect, and economy-wide rebounds that are, at present, widely agreed. He took a bird's-
eye view of the whole issue, in that energy efficiency in one sector could spill over into other 
areas, thus creating the additional rebound effect on a larger scale. 
However, Jevons’s prediction was, consequently, limiting in today's context. Based on 
coal consumption time series data, Jevons fitted an exponential curve to forecast coal 
consumption in the future. In 1960, for example, by Jevons' forecast, coal consumption 
in Britain will exceed 2,000 million tonnes as shown in the exponential curve in Figure 
2-3. In fact, coal production did increase dramatically since the Industrial Revolution 
as Jevons predicted, but it peaked at 264.4 million tonnes in 1910 (Cook & Stevenson 
1988). Coal use in the UK also peaked at about 220 million tonnes later in the 1950s 
(Department for Business Energy & Industrial Strategy 2016b). Since the 1950s, coal 
use in Britain gradually declined over time. Current coal consumption in the UK is less 
than even the 1860s level, as shown by the green curve in the graph.  
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Figure 2-3 Coal consumption prediction by Jevons and actual coal consumption in the 
UK. 
History unfolded differently from Jevons’s prediction. There are a few transitions that 
Jevons did not foresee in The Coal Question in the 1860s. First, the UK found a 
substitute for coal. Currently, the UK's major energy sources are natural gas and oil, 
whereas coal is less than 20% of the energy use. Second, total energy consumption 
stabilised at about 300 million tonnes coal equivalent since the 1960s (Cook & 
Stevenson 1988). Second, the transition in the trade could also be a reason for the 
levelling off of energy consumption in the UK. During 1820-1920, the principal 
components of British exports were cotton, other textiles, iron and steel, machinery, 
coal, and vehicles (Cook & Stevenson 1988). For the same period, the principal British 
imports were foodstuffs, raw textile materials, and other raw materials. The energy 
consumed in the UK was used to produce the goods for the demand not merely in the 
UK but around the world during the Industrial Revolution. The workshop of the world 
in the Industrial Revolution, Great Britain, was replaced by the US in the 20th century. 
During 1920 to 1985, the proportion of imported semi-finished and finished 
manufactures steadily increased, reaching nearly 70% of the total value of the imports 
(Mitchell & Deane 1962). On the other hand, the proportion of exported metal 
decreased from 12% to 6% within the same period (Pears Cyclopaedia, 1980-1981  
1980). Therefore, reliance on energy consumption in the UK has been significantly 
reduced.  
Despite a few limitations in the Coal Question, there is no doubt that Jevons (1865) 
was the first to argue that increased energy efficiency could increase energy 
consumption by these channels. First, increased energy efficiency makes the 
consumption of energy relatively cheaper, thus encouraging a greater use of energy 
(or the direct rebound effect). Second, the increased energy efficiency boosts 
economic growth at the macroeconomic level, which increases energy use as a whole 
(the indirect rebound effect). However, Jevons did not predict that coal would not 
continue to play the same important role in the British economy as in the Industrial 
Revolution. There are some factors contributing to the decline in coal consumption in 
the UK. The most important reason is that, unlike Jevons’s claims “as regards the 
supremacy of coal as a source of heat and power, and the impossibility of finding a 
substitute”, the UK successfully found many substitutes for coal. The consumption of 
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coal has been replaced by oil, natural gas, nuclear power, hydroelectricity, and other 
renewables (Department for Business Energy & Industrial Strategy 2016a).  
 The Rise of the Debate: 1980s-1990s 
After over a century's silence since Jevons's remarkable book that hypothesised the 
paradoxical consequence energy efficiency technologies had brought about, a heated 
debate was ignited by Khazzoom (1980) and Lovins (1988), followed by Brookes 
(1990), Saunders (1992), and many more prominent researchers. 
The debate over whether or not the rebound effect exists rose in the 1980s, and 
reached its climax in the 2000s. Khazzoom (1980) was the first to question the 
effectiveness of a mandatory efficiency policy. Extending Jevons, who argues that an 
autonomous energy efficiency improvement could lead to more energy consumption, 
Khazzoom (1980, 1987) argued that a policy-induced energy efficiency improvement 
may lead to consequences similar to the Jevons Paradox. He identified that the official 
estimates of energy savings from the policy-induced energy efficiency improvement 
only captured the mechanical effect, neglecting its price content. When the energy 
efficiency of a household appliance improves, the cost of using the appliance 
effectively drops, thus encouraging the household to use this appliance more often. 
More specifically, Khazzoom showed that rebounds could happen in three channels 
at the household level. 
First, a policy-induced energy efficiency improvement could increase the utilisation 
rate of the household appliance. Second, this improvement may increase the stock of 
the appliance. Third, the policy scheme may increase the utilisation rate and 
ownership of other appliances. According to Khazzoom, these three channels could 
undermine the supposed effectiveness of the mandatory standards. 
Lovins (1988), on the other hand, suggested that the rebound effect is very small for 
three reasons. Lovins believed that consumers are satiated when a certain level of 
utility is reached, and are not willing to consume more because the utility would not 
increase from consuming more of the good. This argument was supported by Henly, 
Ruderman and Levine (1988) in the same period. Second, Lovins suggested that the 
price of elasticity for energy was not applicable to the real world; the household was 
unable to distinguish how much money was spent on each of the individual household 
appliances. If the expenditure share could not be known, the price content of energy 
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efficiency improvement was negligible. In other words, this assumption means that 
there is absolutely no consumer information in the market. Third, Lovins argued that 
consumers may impose high discount rates concerning the benefits gained from 
buying more energy-efficient appliances. Therefore, when consumers adopt the more 
energy-efficient appliance, they are unlikely to use more. 
However, some engineers object to the rebound effect by assuming market 
saturations (Lovins 1988). They argue that when energy efficiency improves, there 
exists a limit on how much energy a consumer can use. For example, Goldstein and 
Watson (1986) pointed out that, “The only ways to increase refrigerator energy 
consumption are to lower the storage temperatures or to open the door more often. 
Neither of these activities provides additional consumer benefit beyond a level that 
would generally be demanded...” What Goldstein and Watson (1986) failed to observe 
is that purchasing a larger refrigerator is the third way to increase energy consumption, 
which would provide additional utility to consumers. Similarly, Lovins (1985) put it this 
way,  
“People are unlikely to watch TV more hours a day than they are awake, 
nor to rewash clothes and dishes which are already clean, nor to set the 
thermostat in summer to 50°F if they are already comfortable at 68°, nor to 
buy an air conditioner if the house already maintains comfort without one.... 
People's houses are not now generally so uncomfortable, nor their offices 
so dark, nor their factories so underpowered, that given more money they 
will spend all (or even much) of it buying more electricity without limit.” 
Economists, on the other hand, have observed the non-satiation of consumers’ 
behaviour a long time ago. Sir James Steuart, for example, presented the argument 
in his classic book An Inquiry into the Principles of Political Economy (1767, pp. 53-
54, 58, 199, 229), 
“Where industry is made to flourish, the free hand…will be employed in 
useful manufactures, which, being refined upon by the ingenious, will 
determine what is called the standard of taste; this taste will increase 
consumption.”  
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Working hard allows people to increase their consumption, unlike the case in the 
ancient world where men were forced to work because they were slaves to others. Sir 
James Steuart argued this with an imaginary experiment, 
 “[M]en are now forced to labour because they are slaves to their own 
wants. … Let any man make an experiment of this nature upon himself, by 
entering into the first shop. He will nowhere so quickly discover his wants 
as there. Every thing he sees appears either necessary, or at least highly 
convenient; and he begins to wonder (especially if he be rich) how he could 
have been so long without that which the ingenuity of the workman alone 
had invented, in order that from the novelty it might excite his desire; for 
when it is bought, he will never once think more of it perhaps, nor ever apply 
it to the use for which it at first appeared so necessary.”  
As the debate went on for a decade, more and more researchers showed interest in 
it. In this particular period, the late 1980s and early 1990s, scientists began to notice 
irregularities in the average global temperature. The debate was particularly of interest 
to engineers and politicians because scientists had, in the late 1980s, noticed the 
abnormal rise in the temperatures caused by human activity. They found one major 
reason for the abnormal rising temperatures (or global warming) since the Industrial 
Revolution is human activity, which has resulted in excess greenhouse gases 
emissions from consumption of fossil fuels.  
Some scientists, therefore, suggested that improving energy efficiency could reduce 
greenhouse gas emissions including Keepin and Kats (1988). Brookes (1990) 
suggested this idea is a "greenhouse fallacy", as he believed energy efficiency would 
not solve the problem, just as Jevons argued. Brookes proposed that a firm would 
benefit from substituting away from labour and capital towards energy, and the firm 
can expand production, especially at times when energy prices are low. Another 
reason given by Brookes is that when the increase of productivity of capital and labour 
is greater than the energy efficiency improvement, the total energy consumption will 
grow despite a fall in energy intensity. In addition to the rebound effect at the business 
level, Brookes argued that households are likely to spend a fixed share of income on 
electricity and fuel at the household level. Therefore, an energy efficiency 
improvement will result in lower, if not negative, energy savings. 
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Grubb (1990), on the other hand, disputed that there were problems in Brookes’ 
postulation. First, Grubb did not agree that the future economic growth pattern has to 
be necessarily the same as had happened in the past. There could be substantial 
differences between the future and the past economic growth tracks, but this was not 
mentioned by Brookes. Second, Grubb (1990) pointed out that the naturally occurring 
efficiency improvements are different from efficiency improvement that are deliberately 
attempted. In his argument, the energy efficiency improvement driven by the policy will 
lead to optimal energy efficiency gains in the imperfect market, by correcting market 
failures where the firm fails to save energy with only natural energy efficiency 
improvements. 
Even though there are various disputes, it seems that an agreement had been reached 
on acknowledging the existence of the rebound effect by the end of the 1990s with the 
contribution by Brookes (1990) and Saunders (1992). Both Brookes (1990) and 
Saunders (1992) showed that the role of energy efficiency improvement, at an 
economy-wide level, is to boost economic growth which will, in turn, require more 
energy input over time. 
Saunders (1992) named the backfire or the Jevons Paradox extreme rebound effect, 
the "Khazzoom-Brookes Postulate", and proved it in a neoclassical growth model. So 
far in the rebound research, Saunders is the pioneer, and the only one taking the 
macroeconomic approach based on the growth theory. In his model, there are three 
inputs: energy, labour, and capital. The assumption in the scenario of the absence of 
energy efficiency improvements, then, is that the growth rate of energy consumption 
is the same rate of the output growth or, in other words, the energy intensity is fixed 
over time. In the energy efficiency improvement case, Saunders found that the energy 
and the output grew faster and faster than the case without energy efficiency change. 
He explained the findings by two channels. First, energy efficiency improvements allow 
the firm to substitute energy for labour. Second, energy efficiency improvement 
contributes to economic growth, which in turn drives energy consumption up to a 
higher level. However, the "Khazzoom-Brookes Postulate", only holds under certain 
assumptions in the presence of an energy-augmenting technical progress. Saunders 
tested two forms of the production function, the Cobb-Douglas and the nest constant 
elasticity of substitution (CES) where labour and capital were treated weakly separable 
from energy. In the Cobb-Douglas case, the energy use always increased when 
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efficiency improved. In the nested CES case, the backfire only occurred when the 
elasticity of substitution was higher than unity. 
From a macroeconomic perspective, Howarth (1997) distinguished the roles of energy 
and energy services in economic growth in a model taking the Cobb-Douglas function 
and concluded with the aid of existing empirical studies that the backfire condition is 
difficult to meet as the share of energy cost in the total production process is relatively 
small. 
At the end of this period, researchers acknowledged the existence of the rebound 
effect and moved on to another stage. 
 The Evolution and uncertainty: 2000s to present 
The rebound effect debate reached its culmination in 2000, marked by the release of 
a special issue on this topic in the prestigious energy field journal, Energy Policy. In 
this special issue, as stressed by the editor of the special issue, Lee Schipper (2000a), 
the aim is to answer the questions "how much the (rebound) effect appears, how 
rapidly in which sectors, and in what manifestation" However, the focus was on the 
direct rebound effect at the microeconomic level, while the macroeconomic rebound 
effect was rarely discussed. 
There were a few highlights in these special issues. First, Greening, Greene and 
Difiglio (2000) gave the classical typology of the rebound effect, defined by four types, 
which are still of importance for today’s researchers. In addition, Greening et al. (2000) 
reviewed the existing estimates of the price elasticity of demand for energy appliances 
at household level and concluded that the direct rebound effect was small. 
This issue also provided analyses covering different economies, for example, Austria 
(Haas & Biermayr 2000), the United Kingdom (Milne & Boardman 2000), Sweden 
(Sanne 2000), and India (Roy 2000). The findings suggested that the magnitude of the 
rebound effect was larger in developing economies than in developed ones. This 
special issue convinced researchers that the direct rebound effect is small - usually 
less than 40% - but it did not provide enough insights into the indirect and the 
economy-wide rebounds. 
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One limitation in this special issue of the Energy Policy is that it indicates that the 
debate would not end; in fact, the rebound research continued. Rebound researchers, 
however, seem to have fewer disagreements since 2000. 
The first decade of the 21st century marked another milestone of rebound effect 
research. The UK Energy Research Centre (UKERC) carried out a thorough study on 
the economy-wide rebound research by a research team led by Sorrell. In Sorrell's 
influential report (2007), he reviewed and built upon the previous work, aiming at 
assessing the evidence of the rebound effect at the macroeconomic level. This 
research concluded that the economy-wide rebound effect could be larger than 
expected, and that backfire is not impossible. 
Thus, since 2007, the centre of debate has shifted from the direct rebound effect to 
indirect and economy-wide rebound effects. In opposition to Sorrell (2007), Gillingham 
et al. (2013) suggested that although the mechanisms of an economy-wide rebound 
effect were complicated, the "backfire" was impossible; the price effect at the macro 
level will discourage the energy producer to provide energy. However, studies based 
on the CGE modelling approaches show that rebound effect is often found to be much 
larger at the macro than at the micro scale. Simulation results based on the German 
economy (Koesler, Swales & Turner 2016), the British economy (Allan et al. 2006), 
and the Japanese economy (Washida 2004) demonstrated the possibility of a macro 
rebound of over 50% when energy efficiency improves across all industries. Backfire 
was found in the results of CGE modelling based on the Scottish economy (Hanley et 
al., 2009), the Norwegian economy (Grepperud & Rasmussen 2004), and the Chinese 
economy (Glomsrød & Taoyuan 2005), all of which showed over 100% economy-wide 
rebounds. 
At the same time, research on the direct rebound effect has been progressing. It has 
been found that the direct rebound is gradually decreasing (Greene 2012; Small & Van 
Dender 2007). Taking the fuel efficiency improvement as an example, the estimates 
for the rebound effect for the 1990s (Johansson & Schipper 1997) were found to be 
much larger than the estimates for the 2000s (Small & Van Dender 2007). The 
estimates have been decreasing from 30-50% to 10-20% in the long run. These results 
convinced the researcher that the previous findings showing negative correlation 
between income and the price elasticity of fuel demand is reliable.  
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There are some breakthroughs in the indirect rebound research in the second decade 
of the 21st century. The paper by Murray (2013), who developed an approach to 
estimate the indirect rebounds from household energy efficiency use in the Australian 
economy, is a good illustration of the progress in the indirect rebound field. Murray 
incorporates embodied carbon intensity from a life-cycle assessment to estimate the 
indirect rebounds regarding CO2 emissions. Similar findings were made by Druckman 
et al. (2011). Results in both studies showed that indirect rebounds could reach up to 
40-50%. Chitnis et al. (2013) also carried out an econometric analysis on the indirect 
rebound effect, taking the life-cycle approach for the UK's economy. However, the 
indirect rebound from the British economy has been identified as much lower, around 
only 15%. Chitnis et al. (2013) explained that their results are of a smaller magnitude; 
their study failed to capture the substitution effect of the energy efficiency 
improvement. 
Chitnis et al. (2014) further distinguished the indirect rebound effect from different 
energy efficiency approaches and found that the magnitude of the rebound effect is 
highest when it is targeted at reducing food waste (rebounding over 100%), at medium 
magnitude when targeted at improving fuel efficiency (rebounding about 50%) and at 
its lowest when targeted at reducing domestic energy use (rebounding about 10%). 
From 2000 to present, the rebound research has shifted its focus twice, first from direct 
to indirect, and then from indirect to economy-wide. It has generally been accepted 
that the magnitude of the direct rebound effect is smaller than that of the indirect effect, 
which is then smaller than the macro rebound effect. Even though there is no 
consensus on the existence of backfire, the economy-wide rebound ranges from 50% 
to over 100%. 
We could foresee that once the question on the macro rebound is settled, the debate 
over the rebound will be resolved naturally, which may happen in a decade's time. 
2.4 Estimates of the rebound effect 
In this section, I review the literature on the rebound effect in a thematic order. 
According to Sorrell (2007), there exist three types of the rebound effect: the direct, 
indirect, and economy-wide. First, I discuss the direct rebound effect; its definition, the 
estimation approach, and the findings. Second, I summarise the estimates of the 
indirect rebound effect as well as the methodologies adopted by researchers. Third, I 
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review the state-of-the-art research progress on the economy-wide or macroeconomic 
rebound effect. 
 Estimates of the direct rebound effect 
Based on Sorrell's (2007) classification, the direct rebound effect is an increase in the 
consumption of an energy good or service after an energy efficiency improvement in 
this same energy good or service. The rebound effect, by convention, is presented as 
the quantity of energy or CO2 emissions generated by the behavioural effect, as a 
percentage of the mechanical effect where no behavioural effect occurs (Berkhout, 
Muskens & Velthuijsen 2000). Specifically, the calculation of the rebound effect is 
shown as follows: 
 
𝑅𝐸 =
𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 − 𝐴𝑐𝑡𝑢𝑎𝑙 𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛
𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛
 
(2.4) 
 
There are a number of studies investigating the direct rebound effect on household 
energy efficiency improvement, such as the household heating and cooling systems, 
the lighting service, and the private transport service. Take the fuel efficiency 
improvement as an example. The direct effect, therefore, is the increase in fuel use 
led by an increase in the private transport service when fuel efficiency improves. 
Researchers have made use of the identity that links total fuel consumption (𝐹) to fuel 
efficiency (𝐸) and distance travelled (𝑉) as follows: 
 
𝐹 =
𝑉
𝐸
 
(2.5) 
The above identity could also be seen as a conditional demand function, where fuel is 
the only input to produce the final good vehicle distance travelled. This simplified 
demand function implies that the rebound effect is the elasticity of fuel consumption 
with respect to fuel efficiency, which is equal to one plus the elasticity of distance 
travelled with respect to the fuel cost per unit of distance travelled (Greene 
2012).Furthermore, differentiating the identity (2.2) implies that the elasticity of 
distance travelled with respect to the cost per distance travelled is the same as the 
elasticity of distance travelled with respect to the inverse of energy efficiency, or the 
same as the elasticity of distance travelled with respect to fuel price, as the role of the 
fuel economy improvement is seen as the same as a decrease in the fuel price. 
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Sorrell and Dimitropoulos (2008) provided the first thorough microeconomic definitions 
on the direct rebound effect. According to Sorrell and Dimitropoulos (2008), the direct 
rebound effect could be expressed as an efficiency elasticity or a price elasticity, if the 
energy efficiency improvement is treated as an exogenous shock, which is the same 
as an exogenous technological progress. When consumers are rational agents, the 
efficiency elasticity and the price elasticity are equal. Therefore, the own-price 
elasticity can be an approximation of the rebound effect. Note that the sign of the own-
price elasticity is usually negative, but the rebound effect is the absolute value of the 
price elasticity expressed as a percentage.  
The magnitude of the direct rebound effect, however, varies greatly across studies, 
from 10% to over 100%, depending on the energy source and the sector. For example, 
according to Espey’s (1998) thorough survey on the estimates of the price elasticity of 
gasoline, the short-run and long-run price elasticities range from 0 to -1.36 and 0 to -
2.72, with an average of -0.26 and -0.58, respectively. These estimates imply that the 
long-run rebound effect (58%) is much larger than the short-run rebound effect (26%); 
Burke and Nishitateno (2013) arrived at similar results. However, the price elasticity of 
gasoline is found by Breunig and Gisz (2009) and Lin and Prince (2013)to be even 
smaller , as it is only half of the average long-run elasticity suggested by Espey (1998). 
The size of the direct rebound effect is found to differ between energy sources. The 
long-run price elasticity of natural gas is found to be larger than unity, which is much 
larger than the average long-run price elasticity of gasoline (Burke & Yang 2016); this 
suggests a large rebound effect, or even a backfire. As for electricity, most studies 
show that the price elasticity of residential electricity, in both the short run and long 
run, is smaller than unity; however, Bohi and Zimmerman (1984) suggest that the price 
elasticity of demand for electricity ranges from 0 to -0.3 and 0 to -0.7, in the short run 
and long run, respectively. More recent studies show that the long-run elasticity is 
approximately 0 to -0.4 (Fan & Hyndman 2011; Reiss & White 2005; Wolak & Patrick 
1996). 
Alberini, Gans and Velez-Lopez (2011) used a panel dataset for the 50 largest 
metropolitan areas in the US from 1997 to 2007. They examined the consumption of 
both gas and electricity in the household sector. The elasticities for electricity are 
greater than gas. The price elasticities of electricity in the short run and long run are -
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0.79 and -0.81, respectively, while those of gas are equal to -0.57 and -0.65. The direct 
rebound effect from electricity and gas are significant and could offset most of the 
efficiency savings. 
In addition, the magnitude of the direct rebound effect is also found to vary across 
income levels. Chitnis et al. (2014), for instance, studied the rebound effect of different 
income level households in the UK. They found that the largest rebound effect 
occurred in the lowest income households. The empirical study by Azevedo and 
Thomas (2013) confirmed the same finding on the inverse correlation between the 
direct rebound effect and the household income level with US household data.  
The econometric estimation approaches that have been widely used in the rebound 
field are ordinary least squares (OLS) for a single equation (Greene 2012; Jones 1993; 
Pickrell & Schimek 1999), and two-stage or three-stage least squares for simultaneous 
equations (Puller & Greening 1999; Small & Van Dender 2007). Some studies were 
based on the data for a single year, while others were based on time-series data. 
Researchers generally believe that the latter approach, based on the time series data, 
is more reliable. Studies undertaken before the year 2000 (Mayo & Mathis 1988; 
Pickrell & Schimek 1999) showed larger direct rebound effects than studies dated later 
than 2000 (Greene 2012). Small and Van Dender (2007) suggested that the choice on 
how much to drive is less sensitive to the fuel efficiency improvement when the share 
of fuel cost decreases as income grows. 
However, the empirical studies rarely distinguish the direct rebound effect from an 
autonomous energy efficiency improvement from that of a policy-induced energy 
efficiency scheme. As policy-induced technological progress is often accompanied by 
additional costs, the rebound should be less than that from costless or more cost-
effective autonomous energy efficiency improvements.  
Another limitation on the direct rebound effect is that in real life, the consumer may not 
perceive progress in energy efficiency in the same way as a reduction in energy price. 
Both Small and Van Dender (2007) and Greene (2013) tested this hypothesis; Small 
and Van Dender (2007) did not reject the hypothesis that consumers react differently 
to a fuel efficiency improvement and a price drop in fuel. On the other hand, the study 
by Greene (2013) rejected this hypothesis. Interestingly, both studies showed that the 
direct rebound effect of improved fuel economy is not statistically significant. These 
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results probably indicate that more research is required in investigating consumer 
behavior towards an adoption of energy efficiency technology of a household good. 
 
 
 
Table 2-2. Selected empirical estimates on the direct estimate of rebound effect. 
 Author Energy 
Type/Good  
Short- 
run 
Long- 
run 
Time Country Function 
/Form 
Estimator 
Small and 
Van 
Dender 
(2007) 
Automotive 5% 22% 1961- 
2001 
US Log-linear 3SLS 
Greene 
(2013) 
Automotive 5% 30% 1966- 
2007 
US Log-linear OLS 
Burke 
&Yang 
(2016) 
Natural 
gas 
(for the 
HH) & 
Industry 
50% 125% 1978-
2011 
44 
countries 
Log-linear IV and 
Pooled 
OLS, 
2SLS 
Fan & 
Hyndman 
(2011) 
Electricity 
(HH) 
36%-
43% 
   1997-
2008 
South 
Australia 
    
Alberini, 
Gans and 
Velez-
Lopez 
(2011) 
Electricity 70% 80% 1997-
2007 
US Log-linear GMM 
Gas 60% 70% 
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 Estimates of the indirect rebound effect 
In contrast to the direct rebound effect, which only accounts for the energy 
consumption increase in the given good or service for which efficiency is improved, 
the indirect rebound effect includes the energy consumption increase in all goods and 
services, direct or indirectly. Though the research on the indirect rebound effect is 
more challenging, researchers have reached some fruitful findings. As defined by 
Sorrell (2007) in his influential report “The Rebound Effect: An Assessment of the 
Evidence for Economy-Wide Energy Savings from Improved Energy Efficiency” to the 
UK Energy Research Centre (UKERC), the indirect rebound effect is an increase in 
the consumption of other goods or services resulting indirectly from improved energy 
efficiency. In my definition, which is similar to Sorrell’s (2007), the indirect rebound 
effects are limited to the partial equilibrium responses of consumers to the change in 
energy efficiency. Such an increase in consumption can reduce the expected energy 
savings because all goods and services are embodied with CO2 emissions in the 
production, retail, consumption, and disposal process. For example, consuming a bag 
of potato chips emits 75 grams carbon dioxide. However, there are some minor 
discrepancies in the indirect rebound effect definition. While most researchers take a 
static approach in the indirect rebound investigation (Freire-González 2011; Murray 
2013), Sorrell (2007) suggests that the sum of the direct and indirect rebound effects 
economy-wide rebound, implying that the indirect rebound effect is a result of a 
general equilibrium perturbation. To my knowledge, almost all studies estimating the 
indirect rebound effect treat price as exogenous, which implies that the indirect effect 
is estimated in a partial equilibrium setting, similar to what I have defined in Chapter 1 
(see section 1.3.2, pp. 9-10). 
Table 2-3 summarises the indirect rebound effect from household energy efficiency 
improvements in key studies in this area. This table also shows the consumer choice 
type, the area of energy goods and services being improved, and the measurement of 
the rebound effect. As shown in the table, two types of energy efficiency improvement 
in the household preference choice have been classified and investigated. The first 
choice is an efficiency choice, in which households is not satiate when switching to 
more energy efficient appliances. The second choice is a sufficiency module; instead 
of being non-satiate, consumers are supposed to suppress their non-satiation, or they 
decide to consume less energy just to maintain the same level of utility, which could 
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be achieved by preferences changes, when switching to the more efficient appliance 
or changing to a low-carbon lifestyle. Therefore, in the sufficiency module (sometimes 
called a conservation module), consumers choose to save energy instead of 
maximising their utility. Therefore, there would be no direct rebound effect in the 
second choice module. 
The methodologies adopted in these studies are similar. Most of the researchers 
integrate the embodied carbon emissions, or energy consumption, or sometimes other 
pollutants such as sulphur dioxide obtained from the life cycle assessment of each 
commodity with econometric estimates of the income elasticity of each commodity. 
Ideally, researchers should use both the income and the substitution elasticities to 
approximate the indirect rebound effect. However, the substitution elasticity is often 
neglected for simplicity. Therefore, studies taking into account only the income effect 
provide the lower bound of the rebound effect. 
Nonetheless, energy efficiency improvement in the industrial sector is rarely discussed 
in the indirect rebound literature. Interestingly, the energy efficiency improvement in 
the industrial sector has been widely investigated at the economy-wide level, which 
will be discussed in the subsequent section. The following section reviews the 
literature on the economy-wide rebound effect. 
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Table 2-3. Empirical estimates of the indirect rebound effect. 
Author Country Efficiency area Consumer   
choice 
Measurement 
type 
Magnitude of 
direct rebound 
Magnitude of 
indirect 
rebound 
Murray (2013)  Australia Lighting, transport 
and electricity 
Efficiency Embodied 
GHG 
emissions 
7% 
  
12% 
Sufficiency 2% 10% 
Chitnis et al. 
(2013) 
UK Heating and lighting Efficiency  Embodied 
GHG 
emissions 
2% 13% 
Druckman et al. 
(2011) 
UK Private transport, food and 
energy 
Sufficiency Embodied 
GHG 
emissions 
---- 35% 
Azevedo and 
Thomas (2013) 
US Fuel and electricity Efficiency GHG 
emissions 
10% 6%-10% 
SO2 NOx 10% 40%-50% 
Lenzen and 
Dey (2002) 
Australia Food and heating Efficiency  GHGs  -- (45%-123%) 
Brännlund, 
Ghalwash and 
Nordström 
(2007) 
Sweden Transport and electricity Efficiency Carbon 
dioxide 
 -- 135% 
SO2  --   
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 Estimates of the economy-wide rebound effect 
An energy efficiency improvement, as discussed in the previous section, will not only 
result in a direct rebound effect on energy use or externalities by the product or service 
for which energy efficiency improvement is improved, but also on indirect rebound 
effects on energy use or externalities on the use of other goods. The direct rebound is 
limited within the good for which energy efficiency is improved and the indirect 
rebound; however, it is not confined within the same good. Furthermore, an energy 
efficiency improvement could permeate an economy resulting in a chain of 
adjustments in the industrial sector, private consumption, government expenditure, 
exports, and imports. While a partial equilibrium model may be useful for capturing the 
consumption adjustments over all consuming commodities of an agent, this approach 
is inadequate to capture the complete picture of the economic and environmental 
impacts of energy efficiency improvement, which includes the economic behaviour of 
all agents in a free market. The economy-wide effect, therefore, can only be 
completely estimated by a general equilibrium framework. The existing literature on 
the economy-wide rebound effect appears to split into two branches; one is based on 
the neoclassical growth theory, and the other on the computable general equilibrium 
modelling. 
The term “economy-wide rebound effect” was first introduced by Greening, Greene 
and Difiglio (2000), who argued that  
“Economy-wide effects take into account the interrelationship of prices and 
outputs of goods and resources in different markets. Once resource supply 
schedules, consumer preferences, and production functions have been given, 
resources and commodity prices can adjust to levels that are mutually consistent 
with each other. Therefore, any given set of basic determinants defines a unique 
stable equilibrium state for the economy as a whole. Any shift in the determinants 
affecting one good may have widespread repercussions on the equilibrium prices 
and outputs of other goods.” 
The economy-wide rebound effect is, therefore, defined in this thesis as an increase 
in the overall energy use following an energy efficiency improvement in a general 
equilibrium setting (see Chapter 1, Section 1.3.1). The economy is seen to be in a 
general equilibrium state prior to an energy efficiency improvement. The energy 
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efficiency improvement will produce a new general equilibrium allocation, where prices 
and consumption of all goods are perturbed as the energy efficiency improvement 
permeates throughout the economy.  
In some papers, the economy-wide rebound effect is termed the “macroeconomic 
rebound effect” (Barker, Ekins & Foxon 2007; Gillingham, Rapson & Wagner 2015; 
Saunders, H 1992), for the economy-wide rebound effect is measured in the 
macroeconomic level of the economy. For example, Gillingham, Rapson and Wagner 
(2015) identified two channels of the macroeconomic rebound effect, the 
macroeconomic price channel and the macroeconomic growth channel. Similar to the 
microeconomic price effect, the macroeconomic price effect results from market 
demand curve shifts led by an energy efficiency improvement (Gillingham, Rapson & 
Wagner 2015). The rebound effect from the macro price channel is determined by both 
the supply and demand elasticities of energy. Regarding the growth channel, there are 
three potential effects that energy efficiency improvement may contribute to the 
macroeconomic growth found by Gillingham, Rapson and Wagner (2015): sectoral 
reallocation, spill-over, and deployment of inframarginal resources freed by energy 
efficiency improvement. Although Gillingham, Rapson and Wagner (2015) identified 
these channels of macroeconomic rebound effects, they did not provide empirical 
estimates of the magnitude of the rebound effect and concluded subjectively that 
rebound effect could be large but would not cause a backfire. 
As addressed previously, two approaches have been used to empirically examine the 
rebound effect, the neo-classical growth theory and the general equilibrium. Saunders 
(1992) is the first economist to explore the rebound effect in a macro growth 
framework. Saunders demonstrated that the macro or the economy-wide rebound 
depends on the elasticity of substitution between energy, labour, and capital when 
assuming a constant elasticity of substitution (CES) production function. When the 
elasticity of substitution is greater than 1, the macro rebound is greater than 100%, 
otherwise it is smaller than 100%.  
Saunders (1992, 1996, 2000, 2008, 2013) provided insights into the economy-wide 
rebound effect from the neoclassical growth theory branch. He adopts a simple one-
sector economy model that uses labour, capital, and energy to produce a single final 
product. The production function takes the form of constant elasticity of substitution 
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(CES). He showed that, theoretically, the magnitude of the economy-wide rebound 
effect depends on the value of the elasticity of substitution between energy, labour, 
and capital in the CES function. Considering the larger elasticity of substitution 
between energy and other factors, the rebound effect is more significant. 
Saunders (2013) extended the three-factor model to include four inputs, energy, 
capital, labour, and material, as well as to generalise the CES production function to 
a translog function. He then econometrically estimated the economy-wide rebound 
effect for the US from 1960-2005. He found that the rebound effect had been 
decreasing over time. For example, he showed that the rebound effect reached 120% 
in 1980-85, reducing to 75% in 1985-90, further falling to 60% in 1990-95. However, 
the overall rebound effect is still relatively large, compared to the direct and indirect 
rebound effects. 
At the same time, there has been a growing body of macro rebound literature on 
simulation models since the 2000s using CGE modelling techniques, which are 
favourable for various reasons. First, CGE models follow standard microeconomic and 
macroeconomic theory. Second, they provide a numerical aid to pure theoretical 
analysis based on the input-output dataset of a real economy. Next, CGE models also 
integrate the econometric estimates on the behavioural parameters, such as the 
elasticity of substitution, the price elasticity of demand and the income elasticity of 
demand. Analysing the economy-wide rebound effect would be an ideal experiment in 
a CGE setting as it provides both theoretical and empirical insights on the 
technological improvement in energy use.  
Table 2-4 shows the studies investigating the economy-wide rebound effects of an 
energy efficiency improvement using computable general equilibrium modelling 
techniques. All of these studies simulate an energy efficiency improvement in the 
industrial sector rather than the household sector. For example, both Hanley et al. 
(2009) and Allan et al. (2007) studied a 5% energy efficiency improvement across all 
industrial sectors in the Scottish and British economy. Although the degree and scope 
of the exogenous shocks are the same in these two studies, the magnitude of the 
rebound effect varies significantly. In the former study, the rebound effect was shown 
to cause backfire in the long run, when the economy uses more energy after the 
energy efficiency improvement. On the other hand, the latter study found that about 
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30% to 50% of the energy conservation could be taken back by the rebound effect, 
leaving over half of the energy conservation intact.  
Some researchers designed a simulation experiment to examine energy efficiency 
improvement in different sectors. Koesler, Swales and Turner (2016) presented two 
scenarios investigating a 10% energy efficiency improvement in manufacturing 
sectors and a 10% energy efficiency improvement in all industries in Germany. 
Interestingly, both simulations showed very similar results; the rebound effects in these 
scenarios were about 50%, implying that the energy savings from the energy efficiency 
improvement, either in manufacturing sectors or all sectors, could be offset by a half. 
Similarly, Yu, Moreno-Cruz and Crittenden (2015) conducted experiments at a cross-
industrial level and in a sectoral level for the US State of Georgia. A 10% energy 
efficiency improvement in all sectors, as they found, led to a mere 15% rebound. 
However, when simulating a 10% energy efficiency improvement on each of the 69 
individual industrial sectors, the rebound effects range from -20% to over 170%. They 
found that the energy production sector, a direct upstream or downstream of an energy 
production sector as well as transport sector would see a large rebound when energy 
efficiency is improved in these sectors. For example, energy use in air transportation 
was shown to rebound by around 50% and energy use in further processing of petrol 
product was shown to rebound by 170%. Shocking the sectors individually provides 
insight into which sectors should be targeted to implement an energy efficiency 
standard that could mostly utilise the technology and minimise the rebound effect. 
While most studies on the economy-wide rebound effect treat energy efficiency 
improvement as a costless exogenous shock in the economy, Broberg, Berg and 
Samakovlis (2015) compared the rebound effect of a costless, with a costly, energy 
efficiency improvement across all of the industrial sectors in the Swedish economy. 
Their findings showed that with cost, the energy efficiency improvement would lead to 
a lower rebound effect; around 50%, compared to a 70% rebound in an energy 
efficiency improvement scheme without cost. They also investigated the energy 
efficiency improvement in different industrial sectors. Consistent with the findings by 
Yu, Moreno-Cruz and Crittenden (2015), Broberg, Berg and Samakovlis (2015) 
showed that the economy-wide rebound effect is much larger in the case of an energy 
efficiency improvement in energy-intensive industries than in less energy-intensive 
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industries. When energy efficiency improves only in the industrial sectors excluding 
the energy-intensive industries, the rebound effect is smaller, confirmed by both 
Broberg, Berg and Samakovlis (2015) and Yu, Moreno-Cruz and Crittenden (2015). 
This evidence suggests that if the energy efficiency improvement policies are imposed 
on less energy-intensive industries, the undesired rebound effect could be eliminated 
to some degree. 
As the literature review shows, the neo-classical economic model and the CGE 
modelling approach are both useful for providing insights on the economy-wide 
rebound effect. It seems that CGE models have more advantages in analysing the 
economy-wide rebound effect than any other approaches. These models are 
invaluable for providing empirical estimates of the economy-wide rebound effect based 
on sound economic theory as well as credible input-output dataset and estimated 
behavioural parameters, which have great policy implications.  
As far as we can see from the CGE studies, most of the findings showed a rebound 
effect of over 50%; some even showed a backfire, where the rebound effect is greater 
than 100%. It is noteworthy that no CGE study supports the zero-rebound postulate. 
However, the magnitude of the rebound effect could be reduced by imposing an 
additional cost on the energy efficiency improvement. The cost may be used by 
policymakers to reduce the magnitude of the rebound even to zero. Since only one 
study investigated the rebound effect with cost, future studies could focus on analysing 
the relations between a cost and the rebound effect. Additionally, most studies 
simulated a cross industry energy efficiency improvement, rather than an energy 
efficiency standard, such as a fuel efficiency standard. Future research might 
investigate how a specific energy efficiency standard, aiming at improving a given type 
of energy source in a given sector, affects the energy consumption as well as the 
rebound effect. Further, more studies could be completed on the sensitivity analysis 
testing the effect of the value of key parameters that affect the magnitude of the 
rebound effect. 
 
2.5 Conclusion 
As seen in the literature review, a growing amount of literature has been published 
since the Industrial Revolution on the study of the effect of energy efficiency 
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improvement on the economy and environment. Although limited theoretical studies 
investigate the conditions that determine the magnitude of the rebound effect, a 
number of studies on the empirical estimates of the rebound effect using econometric 
or CGE simulation approaches have emerged in this research field. 
Evidence for the rebound effect is strong, ranging from 10% to over 100%, yet there 
is no evidence for the zero rebound effect. Therefore, it can be concluded that the 
rebound effect exists and undermines the energy efficiency improvement to a degree 
that differs significantly across sectors and countries. 
Interestingly, the direct rebound effect was found to be less than 30%, generally 
smaller than the indirect and economy-wide rebound effect. However, more theoretical 
studies on the direct rebound effect from both household and producer perspectives 
must be distinguished, as should further research focusing on the difference between 
a costly and costless energy efficiency improvement.  
As for the indirect rebound effect, it appears that researchers only examined the 
household behaviour by a life cycle assessment of energy use or carbon dioxide 
emissions. To my knowledge, all the existing indirect rebound studies investigate the 
household response to an energy efficiency improvement of a durable good or an 
energy appliance in a partial equilibrium setting, neglecting the price change in energy 
and other goods. Therefore, the sum of the direct and the indirect rebounds would be 
smaller than that estimated under a general equilibrium setting. 
The economy-wide rebound effect has been tackled using a neoclassical growth 
model and CGE models. Both found potential for the backfire condition, where energy 
consumption eventually increases as energy efficiency improves. CGE models seem 
a popular tool to estimate the energy efficiency improvement at the industrial sector. 
However, there are limited CGE studies examining the household behavioural change 
towards an energy efficiency improvement.  
Even though rebound effects may undermine the effectiveness of energy efficiency 
progress, researchers rarely suggest that energy efficiency policies should be 
abandoned. Gillingham, Rapson and Wagner (2015), for example, argued that the 
rebound effect could contribute to social welfare by allowing household to have access 
to cheap energy. Social welfare, including private welfare as well as public welfare, 
however, should be further analysed. Other policy options that may mitigate the 
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rebound effect, such as carbon tax, may also be considered when designing an energy 
efficiency policy. 
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Table 2-4 Key studies on the economy-wide rebound effect using CGE modelling. 
 
Author  Country Area of efficiency improvement Measurement 
  
Cost Magnitude of the 
economy-wide 
rebound 
Hanley et al. (2009) Scotland 5% energy efficiency improvement across 
all industrial sectors 
Energy 
  
Costless 60%-70% short-run 
  
120%-140% long-run 
Allan et al. (2007) U.K. 5% energy efficiency improvement across 
all industrial sectors 
Energy 
  
Costless 30%-50% 
Koesler, Swales and Turner 
(2016) 
Germany   10% energy efficiency improvement in 
manufacturing production 
  
 Energy 
  
Costless 51% 
 
 
50% 10% energy efficiency improvement in all 
industrial sectors 
  
Yu, Moreno-Cruz and Crittenden 
(2015) 
Georgia, USA 10% energy efficiency improvement 
across all industrial sectors 
  
 Energy Costless 15% 
  
  
－20% to 170% 10% energy efficiency improvement in 
individual sectors (epicentres) 
(run 69 simulations for 69 sectors 
each)                                                
  
Broberg, Berg and Samakovlis 
(2015) 
Sweden 5% energy efficiency in all production 
  
Energy With cost 
and costless 
40%-70% 
5% in all excluding energy sector 70% (without cost) 
5% only in energy intensive sectors 50% (with cost) 
Anson and Turner (2009) Scotland 5% energy efficiency improvement in 
refinery oil (commercial transport) 
Oil Costless 40% to 100% 
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Chapter 3 The Economic Theory of the Rebound Effect 
3.1 Introduction 
In the last chapter I surveyed the literature of the rebound effect and identified gaps in the 
existing studies. One of the most important gaps I showed in the previous chapter is a lack 
of theoretical analysis of the rebound effect distinguishing a household behaviour from a 
producer behaviour, a costless energy efficiency improvement from a costly energy 
efficiency standard. 
In this chapter, I will examine the rebound effect from the demand theory and from the 
production theory. Using these economic theories allows me to establish the theory of the 
rebound effect at the private consumption level and at a production level, respectively. This 
is crucial in answering the question this thesis aims to answer: What factors determine the 
magnitude of the rebound effect? I will also present the analysis of a costly energy efficiency 
standard with the aid of an emission abatement curve, to explain the difference in the 
rebounds between a costless energy efficiency improvement and a costly energy efficiency 
standard, which has significant policy implications.     
Rebound effect has long been a subject of great interest in both the academic and the policy 
world. Recognising the rebound effect has great implications for climate policy; the rebound 
effect could potentially offset the supposed energy savings from improved energy efficiency. 
The energy efficiency policy, however, has been regarded as an effective approach to 
greenhouse gas emissions reduction. A better understanding of the rebound effect of energy 
efficiency improvement and energy efficiency policy could be critical in fighting climate 
change.    
Many economists have shed light on both the theoretical and empirical aspects of this 
rebound effect research (Greene, Kahn & Gibson 1999; Greening, Greene & Difiglio 2000; 
Jevons 1865; Khazzoom 1980; Saunders, H 2013; Sorrell, Dimitropoulos & Sommerville 
2009; Turner 2013). For example, Sorrell and Dimitropoulos (2008) provided a thorough 
microeconomic definition of the direct rebound effect at the household level using the 
household production theory. The influential paper “Turning lights into flights: Estimating 
direct and indirect rebound effects for UK households” by (Chitnis et al. 2013) summarises 
this view: direct rebound effects result from increased demand for more affordable energy 
services led by the energy efficiency improvement in energy services, while indirect rebound 
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effects result from increased demand for other goods and services that also require energy 
as an intermediate input to produce. As for the economy-wide rebound effect, studies on 
CGE models (Allan et al. 2006; Hanley et al. 2009) offer insights into the rebound effect of 
industrial energy efficiency improvements. These studies on the macro or the economy-wide 
rebound effect suggest that the magnitude of the rebound effect varies significantly. 
However, as Turner (2013) argued in her paper "Rebound" Effects from Increased Energy 
Efficiency: A Time to Pause and Reflect”, research on the rebound effect lacks theoretical 
foundations. This lack of consensus on the theory and definition of the rebound effect has 
led to confusion for researchers who encounter empirical studies that offer widely varying 
results on the rebound effect. For example, some research studies suggest a fairly small 
rebound effect of less than 10% (Greening, Greene & Difiglio 2000), while others show 
evidence of large rebounds of over 100% (Anson & Turner 2009). 
Reasons for these variations in the magnitude of the rebound effect are various. First, the 
definition of the rebound effect differs from study to study. One major discrepancy in 
definition is that some researchers focus on the energy consumption change itself after 
energy efficiency improvement, while others look at the energy-goods or -services where 
energy is only an input to produce this good or service. Second, the mechanisms of the 
direct, indirect, and economy-wide rebound effects are substantially different (Sorrell 2007). 
For example, the direct rebound effect is the increase in the energy consumption in one 
sector from a drop in price directly led by the energy efficiency change in the same sector, 
say the manufacturing sector. However, the indirect rebound effect is the increase in one 
sector that is indirectly affected by the energy efficiency change in a different sector; in this 
case, the manufacturing sector. Third, the economic agent of interest is different. For 
example, household behaviour is different from that of industry, but rebound researchers 
rarely distinguish between these two agents (Turner 2013). 
While some research has been carried out on the theoretical definition of the rebound effect 
(Berkhout, Muskens & Velthuijsen 2000; Sorrell & Dimitropoulos 2008), no single study 
exists that explores the microeconomic theory of the rebound effect distinguishing the 
household and the firm’s behaviour, a costless energy efficiency improvement and a costly 
energy efficiency improvement, the direct and indirect rebound effects. This limitation 
indicates a need to understand the rebound effects theoretically. 
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The aim of this chapter is to systematically examine the theoretical foundations of the 
rebound effect with the aid of modern microeconomic theory. This chapter answers the 
questions: 
 What are the differences between the rebound of a consumer/household and an 
industry? 
 What are the differences between the rebound from a costless energy efficiency 
change and costly technology change which is required by the mandatory energy 
efficiency standard? 
 On what does the magnitude of the rebound effect depend? 
By answering these questions, this chapter contributes to the literature on the rebound effect 
in three ways. This study clears out the confusion concerning the household and industrial 
rebound behaviour. In addition, I analyse the theory of an exogenous costless energy 
efficiency progress and an endogenous costly policy-induced progress. Third, I give 
theoretical analysis on the indirect and economy-aided rebound at the household sector. 
The structure of this chapter is as follows. This chapter begins by presenting the 
fundamental sources of the rebound effect. It will then go on to explore the theory of the 
rebound effect at the household level. I treat the energy efficiency improvement in the 
household level in three ways. First, I assume that the energy efficiency improvement is 
exogenous and costless. Second, I assume that the cost of the energy efficiency 
improvement is exactly the same as the cost savings from improved energy efficiency. Last, 
I consider the case where energy efficiency improvement is associated with non-linear costs 
increments. In addition, I explain how the embodied CO2 emissions from life-cycle 
assessment could be used in estimating the indirect rebound effect. In the following section, 
I use producer theory to study the rebound effect at the firm level, where I first consider the 
case wherein energy efficiency is the only technological progress available to the firm. I then 
consider a more general case where the efficiency of other inputs use, together with energy 
use, increases. Lastl I summarise the result and conclude.  
3.2 A Literature Review of the Theory of the Rebound Effect 
The rebound effect is one of the oldest and most interesting topics in energy economics. 
Beginning with Jevons (1865), economists argue that an increase in energy consumption 
from improved efficiency will undermine the energy savings from the technological 
improvement. The importance of this issue, which has implications for energy policy as well 
as climate policy, has stimulated both controversy and much research. It is important to 
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understand the sources of the rebound effect before examining the theory and magnitude 
of it.  
The direct rebound effects merely involve individual energy products or services, such as 
gasoline consumption, heating, and lighting. In this realm, the focus is limited to how much 
the energy consumption of that single energy product or service changes in response to an 
energy-efficiency improvement that significantly reduces the marginal cost of producing that 
good or service. Normally, the consumption of that service or product will increase with 
certainty, if the good is normal (in economic terms). For instance, after buying a more fuel-
efficient car, the consumer might choose to drive longer and more frequently because the 
cost of petrol consumption per kilometre falls. The resultant increase in energy use may 
partly or even wholly offset the energy saved by the efficiency technology improvement.  
As discussed in the previous chapters, the direct rebound effect can occur on both supply 
(producer) and demand (consumer) sides. For the producer, the direct effect could be 
divided into a substitution effect and an output effect (Sorrell 2007). Similarly, from the 
consumer’s perspective, the direct effect may be decomposed into a substitution effect and 
an income effect. In both cases, however, this effect may take time to fully manifest, because 
the cost reduction for either a firm or a consumer may in actuality change their behaviour 
gradually rather than abruptly. 
Like most production processes, energy goods and services are often produced by a bundle 
of input factors such as capital equipment, labour, energy, and so on. However, there exist 
different ways of measuring energy services. For example, the service provided by private 
automobiles may be measured by distance (kilometres) travelled, on either a per-vehicle or 
a per-passenger basis. Other attributes of the energy service provided by private cars 
include luxury features, speed capability, brand, manufacturer reputation, and design. 
Hence, consumers would both make trade-offs between basic utility (distance travelled in 
the case of an automobile) and extra utility (speed and comfort); and between different 
kinds of energy services, for example heating or lighting; and suppliers would make trade-
offs between energy, labour, and other input factors. 
Improvements in energy efficiency may also cause growth in the number of energy-
consuming machines, their capacity, and their load. For instance, when fuel efficiency 
improves in private motor vehicles, consumers may choose to buy more automobiles per 
household, buy larger vehicles, or even drive them farther (Sorrell 2007). In a similar 
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manner, consumers might purchase more light bulbs or larger light bulbs, or use them more 
frequently.  
However, economists argue that the contribution of these variables may vary among 
different energy goods and services, especially over time. Take the refrigerator as an 
example: an efficiency improvement in refrigeration may not result in an immediate increase 
in the average utilisation (hours/year) but may cause a long-term expansion in size and load 
or even the number of refrigerators sold. Over a fairly long time span, technologies, 
economic growth, and lifestyles may all be changed by the reduced cost of energy goods 
and services. People may prefer long-distance commuting by car to short-distance 
commuting by public transport. There could be many similar changes leading to higher 
energy consumption. Nevertheless, because of the long time span over which these 
changes would take place, it would become infeasible to distinguish the changes in the 
demand for energy services or goods caused by efficiency from those caused by other 
variables, such as population growth. 
The empirical results of the direct rebound effect vary when the basic utility and efficiency 
definitions vary. Many estimations of private transportation consumption use total distance 
travelled as a measurement of basic utility, which is often decomposed into the product of 
the number of automobiles on the road and the mean distance travelled per car per year 
(Mayo & Mathis 1988; Schipper 2000b; Small & Van Dender 2007). Here, energy efficiency, 
or fuel efficiency, is defined as distance travelled (kilometres) per unit (litre) of fuel 
consumed. The rebound effects are obtained by measuring the growth in distance travelled. 
However, this measurement ignores the effects of fuel-efficiency improvements on 
automobile size and performance. Sorrell (2007) suggests that energy efficiency should be 
defined as tonne kilometres per litre of fuel, so that the rebound effect would reflect the 
increase in tonne kilometres travelled, which could then be decomposed into the product of 
the number of cars, the mean automobile weight, and the mean kilometres driven per car 
per year. The novelty of Sorrell’s definition is to include the weight factor as a measurement 
of comfort, safety, and performance. He believes that this method would integrate the basic 
utility with extra utility, leading to a more effective estimate of the direct rebound effect. 
Another advantage of this definition, as pointed out by Sorrell (2007), is that it aligns with 
the thermodynamic measure of energy efficiency, by emphasising the manoeuvring of mass 
instead of travellers. 
It might be expected that the rebound effect follows the law of diminishing marginal utility; 
that if the consumption of a certain energy product or service keeps increasing, the 
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magnitude of the direct rebound effect would decrease. For example, when fuel-efficient 
cars are widely adopted and the time spent on commuting reaches its peak, the direct 
rebound effect might be expected to decline. Another example is household lighting. The 
direct rebound effect would be most significant when energy-efficiency improvements 
effectively reduce the cost of lighting at the initial stage, but as the lighting reaches the 
maximum level for comfort, the rebound effect should decline significantly. In a similar 
manner, another crucial implication is that the sizes of direct rebound effects have been 
found to be greater in developing countries than in developed countries, because in 
developing countries, their initial energy consumption is further from satiation than in 
developed countries (Milne & Boardman 2000). 
Orasch and Wirl (1997) identified two types of consumers who would contribute to the direct 
rebound effect. First are the existing consumers using the energy goods or services, who 
may consume more in response to lower cost when efficiency improves. The second is those 
who could not afford that service before the technological progress; they now become 
capable of purchasing the service. The surge of such “marginal consumers” may offset the 
saturation effects in developing countries, thus creating a larger rebound effect than in 
developed countries (Roy 2000). 
Apart from energy-efficiency improvements, the magnitude of the rebound effect may rely 
on technological improvements in other factors. For instance, direct rebound effects might 
be larger if an energy-efficient production machine is cheaper than other, less efficient input 
factors, since energy-efficiency improvements would stimulate the manufacturer to 
purchase more, and larger-capacity, equipment. 
Furthermore, opportunity costs affecting demand growth could constrain the direct effect. 
For example, the demand for larger refrigerators may be constrained by the opportunity cost 
of space. In contrast, the opportunity cost of time may limit the demand of private automotive 
transport because driving long distances might be less valuable than some other uses of 
time. Nevertheless, over a long time span, the space constraint could be overcome if the 
capacity of living space keeps increasing over time. On the other hand, an increase in 
income may increase the opportunity cost of time. Hence, the direct rebound effect would 
differ from one energy service to another, vary over time, and be affected by socio-economic 
factors such as income. 
There are several different methods of estimating the direct rebound effect. The first is to 
measure the demand variation for the basic utility after an energy-efficiency improvement. 
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Measuring this variation, however, could be difficult, because it would require obtaining the 
energy consumption data for an individual consumer’s energy use. A second approach is 
therefore proposed: to measure the change in energy consumption after the implementation 
of the efficiency improvement. Two scenarios are compared: the first, the amount energy 
consumed for a particular energy service without the technological improvement, and the 
second, the amount of energy consumed for that service after implementing the 
technological improvement (not considering any behavioural changes).   
Although this approach is similar to estimation methods employed in health and labour 
economics, it is infrequently used in energy consumption studies because of the data 
availability and measurement difficulties mentioned above (Frondel & Schmidt 2005). An 
alternative method relies on secondary data sources, encompassing many variables, such 
as energy demand and basic utility use; it can be applied to various levels of aggregation, 
from individual to nationwide. The main objective in such econometric analysis is to calculate 
the elasticity, which is “the measurement of how responsive one economic variable is to a 
change in another”. In other words, the elasticity denotes the percentage change in one 
variable as a result of a percentage change in another, keeping other variables the same. 
In many cases, the long-run elasticity is obtained by using cross-sectional data, whereas the 
short-run elasticity is obtained by time-series analysis, assuming that the stock of energy 
equipment is fixed. The long-run elasticity could also be estimated using time-series data, 
but assuming a variable stock of energy devices.(Cuddington & Dagher 2015). 
Either of the two elasticities could be taken as the rebound effect estimations: the elasticity 
of the demand for energy with respect to energy efficiency (E1), or the elasticity of the 
demand for the basic utility of energy with respect to energy efficiency (E2) (Sorrell 2007). 
However, a large number of the empirical analyses use price elasticities as the rebound 
effects; for example, the elasticity of the demand for the basic utility with respect to the price 
of that basic utility (E3), the elasticity of the demand for the basic utility with respect to the 
price of energy (E4), and the elasticity of the demand for energy with respect to the price of 
energy (E5). Since price elasticities are negative, the absolute value of the price elasticities 
should be used as a replacement for the efficiency elasticities. 
Estimates of the five elasticities require different data. For example, estimating E1 and E2 
requires data on energy efficiency for the particular energy good or service, whereas 
estimating E3, E4 and E5 requires data on the demand for the basic utility. In theory, E1 and 
E2 provide the closest estimations of the direct rebound effect. Again, owing to the 
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limitations of data, these results have a substantial variance and are therefore rarely 
obtained.   
One of the fields that has been widely examined is private automotive transportation ( see, 
for example, Mayo & Mathis 1988; Schipper 2000b). Empirical studies cover a wide range 
of countries, such as the U.S., E.U., China, and India (Greene, Kahn & Gibson 1999; Roy 
2000; Wang, Zhou & Zhou 2012). Interestingly, the majority of the fuel-economy studies 
focus on the U.S., probably because the U.S. was the first country in the world to announce 
fuel-economy standards in the late 1970s, and the impact of mandated fuel-economy 
technological improvements has been of interest there for many decades. Others also 
consider the research on U.S. personal transport by private automobiles crucial because 
fuel prices are less taxed there than in Europe, thereby lowering the price of private 
automobile use and leading to a larger number of automobiles per individual in the U.S. than 
in Europe.    
It is not surprising that the estimates on different elasticities, e.g. E1, E2, and E3, vary greatly 
among studies owing to the differences in dataset and econometric approaches employed. 
Macro-level data are more frequently used because of their easier accessibility, compared 
to household data. One of the advantages of using such aggregated data is that long-term 
trends of fuel consumption can be analysed, whereas empirical studies using micro-level 
data usually encounter a number of measurement problems. Micro-level data may provide 
a detailed picture on personal preferences and behaviours, but the case studies may be 
specific to a particular area and time, or confined to certain socio-economic levels, and 
therefore hard to compare with other studies or to draw generalised policy implications from. 
The basic utility is measured in many different ways in the fuel economy, such as distance 
travelled per person, total distance travelled, distance travelled per automobile and so on.  
The long term direct rebound effect for fuel economy, or personal transport by automobiles, 
lies somewhere between 3% to 80%, while estimates are made using macro data in the 
form of time-series or cross-section (Dahl 1993; Greene 1992; Jones 1993; Sorrell, 
Dimitropoulos & Sommerville 2009). The upper bound for the short-term rebound effect 
measured by the price elasticity of gasoline demand for private automotive transportation is 
around 20% to 30% (Sorrell & Dimitropoulos 2007).  
When using panel data on the macro-level, empirical studies give more reliable and 
generalised results thanks to a larger number of observations. The empirical study 
undertaken by Johansson and Schipper (1997) is regarded by Sorrell (2007)as “the best 
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guess” on the long-run direct rebound effect; it used panel data encompassing twelve OECD 
countries for the period between 1973 and 1992, carrying out several separate econometric 
analyses on fuel demand and yielding a result of 30% direct rebound effect in private 
automotive transportation. Haughton and Sarkar (1996) used panel data covering all states 
in the U.S. for the years 1970 to 1991, with a wide variety of specifications. The short-run 
price elasticity of distance travelled is around -0.12, whereas the long-run price elasticity of 
basic utility in private transport is around -0.22; these results remain more or less the same 
across different model specifications. Greene (1992), Mayo and Mathis (1988), and Gately 
(1990) have similar findings on the long-run rebound effect for fuel economy which is about 
20% to 25%. Another look at U.S. passenger vehicle use and the rebound effect from 
improved fuel efficiency, using the same data as the study carried out by Greene (1992) but 
with different specifications, yielded a much higher long-term rebound effect — around 30% 
(Jones 1993). A more sophisticated empirical study by Small and Van Dender (2007) looks 
at the how the rebound effect changes over time as the economy grows. 
The rebound effects estimated in empirical analyses using household data are generally 
higher than the macro-level data, and show inconsistency in the use of private road 
transportation. For example, Goldbe (1996), Puller and Greening (1999), and West (2004) 
used the same dataset from the U.S. Consumer Expenditure Survey, but their results varied 
dramatically from 0% to nearly 90%. In the study examined by Greene, Kahn and Gibson 
(1999), a more robust approach, which produced a similar long-run rebound effect to the 
results obtained from the aggregate data, was used. The disparities between different 
household empirical analyses of the rebound effect suggest that the results should be 
treated with caution.    
Two assumptions usually made in many empirical analyses on direct rebound effects may 
be questionable in actual application. The first assumption is that the effect of energy-
efficiency improvements on energy demand is the same as the effect of energy price 
decreases. The second assumption is that variable energy efficiency is exogenous, meaning 
that energy efficiency is not affected by changes in the other variables in the model.  
One of the restrictions in the first assumption is that energy-efficiency improvements may 
correlate with the costs of other input factors, while energy prices do not, in most cases. For 
example, improvements in energy efficiency often require higher capital input for updating 
manufacturing equipment. As a consequence, results obtained from direct rebound effect 
analyses that rely solely on time-series or cross-sectional energy price data may be biased. 
Henly, Ruderman and Levine (1988) suggest that the omission of explicit treatment of 
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energy efficiency would result in an overestimate of the actual rebound effect. Additionally, 
the price elasticities estimated in typical empirical studies are lower in periods of decreasing 
energy prices than in periods of increasing prices (Gately 1993). In particular, Dargay (1992) 
investigated the price elasticities of energy demand in the U.K. during the 1970s and 1980s. 
The results show that energy demand responds more readily to an increase in prices than 
to a decrease in prices, perhaps because firms have greater incentive to introduce energy-
efficiency improvements when energy prices are high. The estimates of direct rebound effect 
might therefore tend to be overestimated, because most studies use data from time periods 
with rising energy prices. 
There are several cases where energy efficiency could be endogenous. First, an energy-
efficiency improvement may result in a higher consumption of energy goods or services. For 
example, an individual might drive more frequently and farther, after updating to a more fuel-
efficient vehicle. Second, energy-efficiency improvements might be driven by a higher 
expected demand for energy goods or services. Therefore, the price of energy goods or 
services determines the energy demand: the price of energy goods or services may rely on 
the energy-efficiency level, which in turn is affected by the demand for energy goods or 
services (Small & Van Dender 2007; Sorrell, Dimitropoulos & Sommerville 2009). The 
common approach to dealing with the endogeneity is to employ simultaneous equations, but 
as this method calls for a large amount of data, it is less frequently used. Using only one 
equation model, however, could result in bias.   
For economists, the fundamental source of the rebound effect is rooted in the rationality of 
the economic agents in the economy activities. Firms, households, government, and other 
economic agents are seen as rational players, as if they are maximising their profits or utility 
given limited resources. For example, the firm is facing the profit maximisation problem. 
Profit, the difference between revenue from selling its products and cost of production, is 
income to the owner of the firm. The owner of the firm will make decisions on using inputs 
in a way that serves the goal of maximising profit, for he is also a consumer who gains 
satisfaction from the goods and services his income will buy. Since an energy efficiency 
improvement effectively reduces the cost of production, the owner of the firm is facing a 
different profit-maximisation problem than if the cost of the intermediate input energy 
decreases. There is no guarantee that the firm will produce less energy to produce one unit 
of the product than before if substitution between energy and other inputs is allowed; nor 
should one assume that the amount of production will remain the same because the 
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consumers are facing a lower price than before so they could consume more to achieve 
higher utility.       
Although it is true that the time spent on consuming energy goods or services is bounded 
on a daily basis, the energy consumption, as well as consumer welfare, could still increase 
greatly by switching to larger, better quality TV, washing machine and dish-washers. People 
with a higher income would buy larger houses; thus, setting the air-conditioning to a degree 
that feels comfortable means more energy consumption than setting the same temperature 
in a small house. In fact, people’s behaviour is more consistent with the assumption of non-
satiation in traditional economics than that assumed by engineers.   
Empirical estimates of the direct rebound effect investigate the price elasticity of energy 
demand, the elasticity of demand for energy service on energy costs, etc. The direct rebound 
effect, which captures the increase in the demand for the energy-goods of service for which 
the energy efficiency is improved, is usually greater than zero but less than 100% (Greene, 
Sorrell, et al.). This empirical evidence implies the growth in the demand for energy-goods 
or service partially offsets the energy conservation from the energy efficiency improvement.   
Computable general equilibrium modelling results present a larger rebound effect 
considering the indirect and economy-wide rebounds, ranging from 5-200%. The indirect 
and economy-wide rebound effects exist both at the household and the industry level. A 
technological improvement in fuel use in the household automobile, for example, reduces 
the cost of driving, which has an indirect effect on the consumption of other goods through 
substitution and income effects. As almost all of the goods and services require energy 
inputs in the production process, the indirect rebound effect is larger than the direct rebound 
effect. The rebound effect of a value of 100% and above indicates that energy consumption 
does not change, or even increase, as an energy efficiency improvement occurs. Therefore, 
instead of reducing energy consumption, the energy efficiency improvement leads to 
increases in energy consumption. 
While some studies have been conducted to investigate the magnitude of the rebound effect, 
there is a lack of agreement on which responses need to be taken into account. I set up the 
standard optimisation problem for the consumer and the firm to examine all the possible 
sources of the rebound effect under the conventional assumptions made in economics. 
3.3 Consumer theory 
While modern demand theory is closely related to the classical “Law of Demand”, it is leaner, 
more general, and has fewer strong assumptions (Jehle and Reny, 2000). In the classical 
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theory, there are some assumptions on the inner workings of humans that are seen to be 
too strict by modern economists. For example, according to the utilitarian school of 
philosophy, “utility”, was treated as something of substance (Edgeworth, Mill, et al.). Modern 
consumer theory, however, found that the idea of a measurable “utility” is not necessary to 
the theory of demand (Pareto). Also, the “Principle of Diminishing Marginal Utility” was 
eventually realised to be neither necessary nor sufficient for establishing the Law of Demand 
(Hicks, 1939).  
Before explaining the rebound effect induced by an energy efficiency improvement, it is 
crucial to understand the role of consumer preference. Understanding consumer preference 
will help tackle the problems presented by the existence of a satiation limit suggested by 
Lovins (1985 and 1988), Henly (1988) and Goldstein and Watson (1986). In economics, the 
consumer presence is represented by a binary relation ≿, characterised axiomatically as 
follows.  
Axiom 1. The binary relation ≿ is complete, transitive, continuous, strictly monotonic, and 
strictly convex on ℝ+
n . 
These five features described in Axiom 1 are often referred to as axioms of consumer choice, 
and are essential to building the mathematical expression in the rest of the theory. The 
completeness of the preference relation means that the consumer can make comparisons; 
he can differentiate all the consumption bundles and evaluate alternatives in pairs With 
transitivity, the consumer has to make consistent choices, to enable the ranking of the 
consumption plans from best to worst. When the binary relation is both complete and 
transitive, it is called a preference relation. The axiom of continuity ensures that no sudden 
preference reversals are allowed; indeed, economists wish to express the fundamental view 
that “wants” are unbounded. The strict monotonicity describes this unlimited whim as if the 
consumer will always be better off if he consumes another bundle of goods that contains 
strictly more of every good than the current bundle he consumes. Indeed, strict monotonicity 
implies another axiom, the local nonsatiation which says that no matter how small the vicinity 
of a given point 𝑋0, there will always be at least one point 𝑋 other than 𝑋0 that the consumer 
prefers to 𝑋0. 
With the axioms of the consumer choice to hand, it would be useful to set up a utility function 
that is easier to work with in calculus methods. In modern theory, a utility function 
summarises the information known in the consumer’s preference relation. A utility function 
representing the preference relation ≿ is defined as follows. 
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Definition 1. A real-valued function 𝑈: ℝ+
n → ℝ is defined as a utility function representing the 
preference relation ≿, if for all 𝑋0, 𝑋1 ∈ ℝ+
n  ,  𝑈(𝑋0) ≥ 𝑈(𝑋1) ⇔ 𝑋0 ≿ 𝑋1. 
Working with a utility function simplifies the analysis the problem of interest here. However, 
the question of the existence of such a continuous utility function that have the properties 
as the preference relation possesses should be answered first. In fact, any binary relation 
that satisfies the five features on the consumer preference listed in Axiom 1 can be 
represented by a continuous real-valued utility function (Debreu, 1954: Representation of a 
preference ordering by a numerical function). This existence theorem is expressed as 
follows. 
 
Theorem 1. If the preference relation ≿  is complete, transitive, continuous, and strictly 
monotonic, there exists a continuous real-valued function, 𝑈: ℝ+
n → ℝ, which presents ≿. 
The utility function, however, is not unique. This is known as the theorem two invariances of 
the utility function to positive monotonic transformation as follows, 
Theorem 2. Let ≿  be a preference relation on ℝ+
n  moreover, suppose 𝑈(𝑋)  is a utility 
function that represents it. Then 𝑉(𝑋) will represent this preference relation if and only if 
𝑉(𝑋) = 𝑓(𝑈(𝑋)) for every 𝑋, where 𝑓: ℝ → ℝ is strictly increasing on the set of values taken 
on by 𝑈. 
The transformed utility function also represents the same preference relation because either 
function has the same ranking order over the consumption bundle. If the rankings between 
consumption bundles are meaningful, any utility function describing that relation is capable 
of conveying the ordinal information of the preference relation.  
Lastly, assumptions on the preference relation. ≿ have implications on the utility function 
representing it, as shown in Theorem 3. 
Theorem 3. Let 𝑈: ℝ+
n → ℝ represent the preference relation ≿. Then 
1. 𝑈(𝑋) is strictly increasing if and only if ≿ is strictly monotonic. 
2. 𝑈(𝑋) is strictly quasiconcave if and only if ≿ is strictly quasiconcave. 
Therefore, by Theorem 1, 2 and 3 under Axiom 1, the consumer’s preference relation ≿ can 
be represented by a real-valued utility function, 𝑈, that is continuous, strictly increasing, and 
strictly quasiconcave on ℝ+
n . 
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 The consumer’s problem 
The central question, then, is to investigate the consumer’s behaviour in a market economy. 
The consumer seeks the most preferred feasible bundle of goods according to preference 
relation. Formally, 
 𝑋∗ ∈ 𝐵 𝑠𝑢𝑐ℎ 𝑡ℎ𝑎𝑡 𝑋∗ ≿ 𝑋 𝑓𝑜𝑟 𝑎𝑙𝑙 𝑋 ∈ 𝐵   (3.1) 
where 𝑋 = (𝑋1, 𝑋2, … , 𝑋𝑛)  is the consumption bundle, ≿  is the preference relation 
representing “at least as good as”, 𝐵 is the set of all the alternatives that could be achieved 
in limited resources, say the budget constraint. Consumers are price takers. In other words, 
prices 𝑃𝑖 are fixed from the consumer’s point of view. Assume also that the consumer is 
endowed with income 𝑌 that is fixed at this moment. 𝐵 contains the consumption bundles 
that are affordable with the endowment 𝑌. Budget set 𝐵 can be expressed as 
 𝐵 = {𝑿|𝑿 ∈ ℝ+
n , 𝑷𝑿 ≤ 𝑌 (3.2) 
Equivalently, this problem for the consumer to solve - choose the most preferred feasible 
alternative according to preference relation -- can be recast as a utility-maximisation problem 
 max  𝑈(𝑿) 
 
(3.3) 
 𝑠. 𝑡. 𝑃′ ∙ 𝑿 ≤ 𝑌 
 
(3.4) 
where 𝑿 is a vector of consumption of goods from 1 to n, 𝑃 is a vector of prices from 1 to n, 
and 𝑌 is the budget constraint. The solution, known as the Marshallian demand functions 
can be expressed as follows, 
 𝑋𝑖
∗ = 𝑋𝑖
∗(𝑷′, 𝑌) (3.5) 
Total differentiate the demand function and divide both sides by 𝑥𝑖
∗  gives the following 
equation, 
 𝑥𝑖
∗ = Σ𝑘=1
𝑛 𝜂𝑖,𝑘𝑝𝑖 + 𝜖𝑖𝑦𝑖 (3.6) 
where 𝑥𝑖
∗ =
𝑑𝑋𝑖
∗
𝑋𝑖
∗ , 𝑝𝑖 =
𝑑𝑃𝑖
𝑃𝑖
, 𝑦𝑖 =
𝑑𝑌𝑖
𝑌𝑖
 and 𝜂𝑖,𝑘 is the cross-price elasticity which equals 
𝜕𝑋𝑖(𝑷
′,𝑌)
𝜕𝑃𝑘
𝑃𝑘
𝑋𝑖
 
and 𝜖𝑖 is the income elasticity which equals 
𝜕𝑋𝑖(𝑷
′,𝑌)
𝜕𝑌
𝑌
𝑋𝑖
. In words, the percentage change in 
demand for 𝑋𝑖 is decomposed into the substitution effect and the income effect.  
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To understand the rebound effect, I have to translate the energy efficiency improvement into 
the consumer’s problem. Suppose that 𝑋𝑖 is the energy consumption, say motor fuel. An 
exogenous technological improvement in the combustion engine will make the effective fuel 
consumption increase while reducing the effect fuel price. At this stage, I do not consider 
the cost associated with the technological change, but later I will take it into account by 
adjusting the budget constraint. Similar changes could apply to other goods. Therefore, the 
new utility maximisation problem becomes 
 max  𝑈(?̅?) 
 
 
 𝑠. 𝑡. ?̅?′ ∙ ?̅? ≤ 𝑌 (3.7) 
where ?̅? is the vector of the effective consumption of goods from 1 to n, or in equation, 
?̅?𝑖 = 𝐴𝑖𝑋𝑖, for all goods, ?̅? is the vector of effective prices from 1 to n, or in equation, ?̅?𝑖 =
𝑃𝑖/𝐴𝑖. Note that in effective terms, the budget constraint does not change.  
The new problem has the same form of the solutions as to the previous problem. Expressed 
in the decomposed way, substituting the effective terms by the actual terms, the Marshallian 
demand function is 
 𝑥𝑖
∗ + 𝑎𝑖 = Σ𝑘=1
𝑛 𝜂𝑖,𝑘(𝑝𝑘 − 𝑎𝑘) + 𝜖𝑖𝑦 (3.8) 
where 𝑎𝑖 =
𝑑𝐴𝑖
𝐴𝑖
.  
The effect of technology improvement in energy use on energy consumption, in the absence 
of price change and income change, is reduced to the following expression, 
 𝑥𝑖
∗ = −(𝜂𝑖,𝑖 + 1)𝑎𝑖   (3.9) 
as 𝑎𝑖 = 𝑎𝑖, 𝑎𝑘 = 0 for 𝑘 ≠ 𝑖, 𝑝𝑘 = 0 for all 𝑘, and 𝑦 = 0. 
𝜂𝑖,𝑖 , the uncompensated own-price elasticity can be decomposed into the following 
expression as a transformation of the Slutsky equation, 
 𝜂𝑖,𝑖 = 𝜂𝑖,𝑖
ℎ − 𝑆𝑖𝜖𝑖 (3.10) 
where 𝜂𝑖,𝑖
ℎ  is the compensated (Hicksian) own-price elasticity, 𝑆𝑖 is the amount of income 
required to compensate the household for the 1% change in 𝑝𝑚. The demand impact of this 
transfer of 𝑥𝑛 is given by multiplying 𝑆𝑖by 𝜂𝑖, and subtracting it from the compensated price 
response to get the uncompensated price elasticity.  
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Setting the equation (3.9) to zero gives the break-even condition, which shows the condition 
under which energy consumption remains the same. When the above equation if greater 
than zero, the “backfire” condition is met, leading to an increase in energy consumption. 
Otherwise, energy is saved; however, the expected energy savings are nullified by the 
rebound effect if the rebound is defined as the energy consumption change induced by the 
behavioural change. Here I use the term “behavioural effect“ (BE) to depict the micro 
rebound effect and “mechanical effect” (ME) as the expected energy savings. Therefore, 
𝐵𝐸 = −𝜂𝑖,𝑖𝑎𝑖 and 𝑀𝐸 = −𝑎𝑖. An alternative definition of the rebound effect, which measures 
the ratio of the final reduction in energy demand to the reduction in the absence of 
behavioural responses, is given by the following equation 
 
𝑅𝐸 =
𝐵𝐸
𝑀𝐸
 
Table 3-1 Break-even, backfire, and conservation conditions. 
(3.11) 
 Energy consumption percentage 
change 
Own-price 
elasticity 
Break-even Condition 𝑥𝑖
∗ = 0 𝜂𝑖,𝑖 = −1 
Backfire Condition 𝑥𝑖
∗ > 0 𝜂𝑖,𝑖 < −1 
Conservation 
Condition 
𝑥𝑖
∗ < 0 𝜂𝑖,𝑖 > −1 
For CES utility function defined as 𝑈 = (Σ𝑖=1
𝑛 𝛿𝑖𝑋𝑖
𝜎−1
𝜎 )
𝜎
𝜎−1
, the uncompensated demand 
elasticity can be expressed as follows, 
 𝜂𝑖,𝑖 = −𝜎 + (𝜎 − 1)𝑆𝑖 (3.12) 
where 𝜎 is the elasticity of substitution and 𝑆𝑖 is the expenditure share of good 𝑖, which is 
equal to 
𝑃𝑖𝑋𝑖
Σ𝑃𝑖𝑋𝑖
. 
When a technological improvement occurs in the energy use, keeping other variables 
constant, we can substitute 𝜂𝑖,𝑖 in equation (3.11) into the reduced demand equation (8) to 
have 
 𝑥𝑖
∗ = −[−𝜎 + (𝜎 − 1)𝑆𝑖 + 1]𝑎𝑖 (3.13) 
 92 
Setting the above equation to zero yields the break-even condition, where the energy 
consumption does not change. The following table gives the elasticities of each function 
form. The second table gives the different conditions assuming different forms of the utility 
function. 
 
 
 
  
Table 3-2. Elasticity of substitution, own-price elasticity, cross-price elasticity and income 
elasticity of Cobb-Douglas, Leontief, and CES forms. 
Functional form Elasticity of 
substitution 
Own-price 
elasticity 
Cross-price 
Elasticity 
Income 
elasticity 
Cobb-Douglas 𝜎 = 1 -1 0 1 
Leontief 𝜎 = 0 −𝑆𝑖 −𝑆𝑗 1 
CES 𝜎 = 𝜎 −𝜎 + 𝑆𝑖(𝜎 − 1) (𝜎 − 1)𝑆𝑗 1 
As can be seen from the above table, the Cobb-Douglas utility function gives the own-price 
elasticity as a negative unity (derivations can be found in the Appendix). Therefore, the 
break-even condition is always met. The technological change has no actual effects on the 
physical consumption bundle, as the budget share is fixed in the Cobb-Douglas case. In 
other words, no matter how significant the energy efficiency improvement is, the budget 
share of energy is fixed. If the income does not change, the consumption of energy does 
not change. However, the consumer becomes better off than before as a result of the 
technological change. Recall that the consumer is a utility-maximiser; the rebound effect 
measures the effort of the consumer to make full use of the technological improvement. 
Therefore, it is not surprising that the utility increases. However, the welfare gain may not 
be a justification for the rebound effect as the social welfare, taking into account the social 
cost of carbon, is deteriorated.  
The Leontief utility function is a special case of the CES function when the elasticity of 
substitution is zero. As a result, the own-price elasticity is the negative of the budget share 
of this commodity (again, derivations can be found in the Appendix). The rebound therefore, 
is the product of the budget share and the efficiency improvement. The Leontief case will 
never have the “full rebound” as found in the Cobb-Douglas case, because the budget share 
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of energy is smaller than unity. Energy savings will be partially offset by the rebound effect. 
However, the overall energy consumption is reduced, meeting the conservation condition. 
For the CES utility function, the own-price elasticity is a function of the elasticity of 
substitution and the budget share of the commodity, 𝜂𝑖𝑖 = −𝜎 + 𝑆𝑖(𝜎 − 1). If the own-price 
elasticity is negative unity, the consumption of energy does not change, which returns to the 
Cobb-Douglas case. If the absolute value of the own-price elasticity is greater than unity, 
implying the value of the elasticity of substitution higher than unity, the backfire condition will 
be true. The meaning of the elasticity of substitution, as shown in the expression as follows, 
is the percentage change in the relative consumption of two goods as the consequence of 
a change in the relative prices of the goods. Thus, an increase of 1% energy efficiency which 
leads to a 1% reduction in the relation between the two commodity prices will push the 
relation between the goods  𝜎𝑖,𝑗  in the direction of energy, which has become relative 
cheaper in terms of the effective price. 
𝜎𝑖,𝑗 = −
𝜕(
𝑋𝑖
𝑋𝑗
) 𝑀𝑅𝑆𝑖𝑗
𝜕(𝑀𝑅𝑆𝑖𝑗)
𝑋𝑖
𝑋𝑗
 
𝑀𝑅𝑆𝑖𝑗 denotes the marginal substitution relationship between good 𝑖 and good 𝑗. The first-
order conditions imply that 𝑀𝑅𝑆𝑖𝑗 = −
?̅?𝑖
?̅?𝑗
, where ?̅?𝑖 indicates the effective price change of 
good 𝑖. For CES utility function, the elasticity of substitution is constant. Therefore, if the 
substitution of elasticity in the CES function is greater than unity, the rebound effect will be 
greater than the mechanical effect, causing backfire in energy consumption. Otherwise, the 
energy conservation is achieved; however, the conservation is not as high as predicted by 
the engineering calculations due to the rebound effect being 𝜎 × 100% in the CES case.   
Table 3-3 Break-even, backfire and conservation conditions under different functional forms. 
 
 
 
 
 
Functional form Break-even 
Condition 
Backfire 
Condition 
Conservation 
Condition 
Cobb-Douglas Always met Never met Never met  
Leontief Never met Never met Always met 
CES 𝜎 = 1 𝜎 > 1 𝜎 < 1 
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Next, I discuss the nested CES case. The nested utility function is based on the household 
production theory, where the household is represented as a firm that produce final goods or 
services with intermediate goods. For example, the household produces transport services 
by combining transport equipment and fuel. In the top nest, the household has to choose 
the quantity of the final goods or services to achieve maximised utility. The nested structure 
of the household utility function is shown in the figure below. 
 
Figure 3-1 An illustration of a nested utility function of the consumer. 
As shown in the above figure, the household faces a nested utility function. The top nest of 
the utility function has the CES form where the elasticity of substitution is 𝜎. The sub-nest of 
the transport production function has the CES form where the elasticity of substitution is 𝜎1. 
The aggregation of other goods into 𝑍2 will not lose the generality because the CES function 
assumes a constant elasticity of substitution. In other words, the elasticity of substitution 
between all goods is the same. When fuel efficiency improves, whether the other goods are 
disaggregated or not, the consumption change will be the same, holding other variables 
constant. 
An exogenous fuel efficiency improvement can be represented by 𝐴2 in the utility function. 
The utility maximisation problem of the consumer is as follows, 
 max  𝑈 = 𝐶𝐸𝑆(𝑍1, 𝑍2; 𝜎) 
𝑠. 𝑡. 𝑍1 = 𝐶𝐸𝑆(𝑋1, 𝐴2𝑋2; 𝜎1) 
(3.14) 
𝜎1
𝜎
Elasticity of 
substitution
Utility 
Private Transport 
service
𝑍1
Car
𝑋1
Fuel
𝑋2
Other goods 
𝑍2
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𝑍2 = 𝑋3 
𝑃1𝑋1 + 𝑃2𝑋2 + 𝑃3𝑋3 = 𝑌 
where 𝑋1, 𝑋2, and 𝑋3 is the consumption for car, fuel, and other goods, respectively; 𝑍1 and 
𝑍2 are the final goods, transport service, and the aggregation of other goods. 𝐴2 measures 
the technological progress in fuel use in the household transport service production. The 
elasticities of substitution at the top and the bottom nests are shown as  𝜎  and 𝜎1 , 
respectively. 𝑃1, 𝑃2, and 𝑃3 are the exogenous price for car, fuel, and other goods. 𝑌 is the 
budget constraint, which is also treated as an exogenous variable here. 
The solution for the above question in the linearised form is given by the following equations. 
 𝑧1 = 𝑢 − 𝜎(𝑝𝐴 − ?̅?) (3.15) 
 𝑧2 = 𝑢 − 𝜎(𝑝3 − ?̅?)  
 𝑥1 = 𝑧1 − 𝜎1(𝑝1 − 𝑝𝐴)  
 𝑥2 = −𝑎2 + 𝑧1 − 𝜎1(𝑝2 − 𝑎2 − 𝑝𝐴)  
where 𝑝𝐴 and ?̅? are the price index for transport service and the whole consumption bundle 
in percentage change form, respectively. More specifically, the price index for the transport 
sector is given by the following equation, 
 𝑝𝐴 = 𝑆1𝑝1 + 𝑆2(𝑝2 − 𝑎2) (3.16) 
where 𝑆1 is the cost share of the vehicle in the budget spent on the transport nest, and 𝑆2 is 
the cost share of fuel in the budget of the transport service.   
Similarly, the price index for the consumption bundle is given as  
 ?̅? = 𝑆𝐴𝑝𝐴 + 𝑆3𝑝3 (3.17) 
where 𝑆𝐴 is the cost share of the transport service in the budget, and 𝑆3 is the cost share of 
other goods in the budget.   
In percentage change form, the utility can be expressed as 𝑢 = 𝑦 − ?̅?. Since prices and 
income are exogenous, 𝑝𝑖 = 𝑦 = 0 for 𝑖 = 1,2,3.  
Therefore, the system (3.15) reduces to  
 𝑧1 = −𝑆𝐴𝑝𝐴 − 𝜎(−𝑆2𝑎2 + 𝑆𝐴𝑆2𝑎2) (3.18) 
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 𝑧2 = −𝑆𝐴𝑝𝐴 + 𝜎𝑆𝐴𝑝𝐴  
 𝑥1 = −𝑆𝐴𝑝𝐴 − 𝜎(−𝑆2𝑎2 + 𝑆𝐴𝑆2𝑎2) − 𝜎1𝑆2𝑎2  
 𝑥2 = −𝑎2 + 𝑆𝐴𝑆2𝑎2 − 𝜎(−𝑆2𝑎2 + 𝑆𝐴𝑆2𝑎2) + 𝜎1(1 − 𝑆2)𝑎2  
In fact, only the very last equation calculates the percentage change in fuel consumption. 
Clearly, there are a number of factors affecting the final consumption of fuel. The first term 
of the last equation in system (3.18) is the mechanical effect, the direct reduction from 
improved efficiency. Together, the second and third terms constitute the “output effect”, 
where the demand for the transport service at the top nest increases because of the effective 
transport price reduction due to the technological change in fuel use. The last term of this 
equation is the substitution effect within the bottom nest. The substitution effect exists when 
the vehicle and the fuel are substitutable. As the effective price of fuel declines, the 
consumer may use more fuel. All the terms except the first are the factors contributing to the 
rebound effect. The rebound effect, the proportion of the increase in the energy consumption 
offsetting the supposed mechanical effect, is given as 
 𝑅𝐸 = 1 +
𝑥2
𝑎2
= 𝑆𝐴𝑆2 − 𝜎(−𝑆2 + 𝑆𝐴𝑆2) + 𝜎1(1 − 𝑆2) 
(3.19) 
When 𝜎 = 𝜎1 = 1, both nests assume a Cobb-Douglas function. The Cobb-Douglas function 
leads to a fixed budget share of each commodity. In this circumstance, the rebound effect 
is 100% because the actual fuel consumption does not change. This scenario also implies 
that the expenditure on all goods remains the same. However, the utility increases as the 
“price” of the whole consumption bundle decreases. 
When 𝜎 = 𝜎1 = 0, both the nests impose a Leontief function. This type of function assumes 
zero substitutability between commodities, implying that the ratio of the real consumption of 
each good is fixed, instead of the budget share of each good. In this case, the rebound effect 
is the product of the budget share of transport and the budget share of fuel in the transport 
cost. In fact, this condition yields the least rebound effect. For example, the household 
private transport expenditure is around 6%. The expenditure on fuel is around 50% of the 
total expenditure spent on the private transport service. In this example, the rebound effect 
is only 3%. 
When 𝜎 = 0 but 𝜎1 = 1, the top nest is Leontief but the bottom nest allows for substitution 
between fuel and transport equipment. It is likely that if the household owns more than one 
vehicle, it could choose to use the more fuel-efficient ones to reduce costs. In this case, the 
rebound effect is given by the expression 1 − (1 − 𝑆𝐴)𝑆2. If we continue to use the same 
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example in the previous paragraph, where 𝑆𝐴 = 6% and 𝑆2 = 50%, the rebound effect is 
slightly over 50%. 
When 𝜎 = 1 but 𝜎1 = 0, the top nest is Cobb-Douglas form but the bottom nest allows no 
substitution between fuel and transport equipment. Zero substitution could only be possible 
if the household owns only one car or less. In this case, the rebound effect is just the cost 
share of fuel in the transport nest, or 50% in the car example.   
Here, I use a table and a figure to illustrate the relationship between the rebound effect and 
the elasticity of substitution and share of costs. 
Table 3-4 Rebound effects under nested functional form with different elasticity of 
substitution. 
 Top nest 
elasticity of 
substitution 
 Bottom nest elasticity of 
substitution 
Magnitude of the rebound effect 
A
. 
𝜎 > 1 (i) 𝜎1 > 1 RE>100% 
  (ii) 𝜎1 = 1 RE>100% 
  (iii) 1 − 𝑆2𝑆𝐴 − 𝑆2𝑆3𝜎
𝑆1
< 𝜎1 < 1 
RE>100% 
  (iv) 
0 < 𝜎1 <
1 − 𝑆2𝑆𝐴 − 𝑆2𝑆3𝜎
𝑆1
 
𝑆2𝐴2 + 𝑆2𝑆3𝜎 < 𝑅𝐸 < 100% 
  (v) 𝜎1 = 0 𝑅𝐸 = 𝑆2𝐴2 + 𝑆2𝑆3𝜎 
B
. 
𝜎 = 1 (i) 𝜎1 > 1 RE>100% 
  (ii) 𝜎1 = 1 RE=100% 
  (iii) 0 < 𝜎1 < 1 𝑆2<RE<100% 
  (iv) 𝜎1 = 0 𝑅𝐸 = 𝑆2 
C
. 
0 < 𝜎 < 1 (i) 𝜎1 > 1  
  (ii) 𝜎1 = 1 RE<100% 
  (iii) 0 < 𝜎1 < 1 𝑆2<RE<100% 
  (iv) 𝜎1 = 0 RE<𝑆2 
D
. 
𝜎 = 0 (i) 
𝜎1 >
1 − 𝑆𝐴𝑆2
𝑆1
 
RE>100% 
  (ii) 
1 < 𝜎1 <
1 − 𝑆𝐴𝑆2
𝑆1
 
𝑆𝐴𝑆2 + 𝑆2 < 𝑅𝐸 < 100% 
  (iii) 𝜎1 = 1 𝑅𝐸 = 𝑆1 + 𝑆𝐴𝑆2 
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  (iv) 0 < 𝜎1 < 1 𝑆𝐴𝑆2 < 𝑅𝐸 < 𝑆1 + 𝑆𝐴𝑆2 
  (v) 𝜎1 = 0 𝑅𝐸 = 𝑆𝐴𝑆2 
 
 
Figure 3-2. A graphical illustration of how elasticities of substitution in each nest affect the 
magnitude of the rebound effect.  
Last, I explain the rebound effect in the generalised nested case. Suppose the consumer 
consumes two final goods, 𝑍1 and 𝑍2. Good 𝑍1 is produced by using goods 𝑋1 and 𝑋2 in the 
household. Suppose that 𝑋2 is the energy input. The consumer’s utility maximisation in the 
generalised functional form is given by  
 max  𝑈 = 𝑈(𝑍1, 𝑍2) 
𝑠. 𝑡. 𝑍1 = 𝑍(𝑋1, 𝐴2𝑋2) 
𝑍2 = 𝑋3 
𝑃1𝑋1 + 𝑃2𝑋2 + 𝑃3𝑋3 = 𝑌 
(3.20) 
The solution for the final goods in the top nest is given by 
  𝑧𝑖 = Σ𝑘=1
𝑛 𝜂𝑖,𝑘𝑝𝑖
(1)
+ 𝜖𝑖𝑦 (3.21) 
𝑆2𝑆𝐴 
𝜎 = 0 
1 
100% 
𝜎 = 1 
𝑆2 
𝜎 > 1 
𝜎 < 1 
Break-even line 
Rebound Effect 
𝜎1 
Backfire area 
Conservation area 
1 − 𝑆2𝑆𝐴 − 𝑆2𝑆3𝜎
𝑆1
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where 𝑝𝑖
(1)
 denotes the price for good 𝑖 at the first nest. Similarly, 𝑝𝑖
(2)
 denotes the price of 
good 𝑖 at the second nest. 
In this context, the income and prices for intermediate good 𝑋𝑖 are exogenous. However, 
the price for the final good 𝑍1, produced by the household, is determined by the cost share 
of energy and the exogenous energy efficiency change. 
The price change of good 𝑖 in the first nest is given by the equation 
 𝑝𝑖
(1)
= 𝑆1
(2)
𝑝1
(2)
+ 𝑆2
(1)(𝑝2
(2) − 𝑎2) (3.22) 
where the notation follows the same convention where the superscript denote the number 
of the nest the variable lies in. For example, 𝑆1
(2)
 is the cost share of good 𝑋1 in the second 
nest.  
The demand for good 𝑋2 in the second nest is given by the following equation, 
 𝑥2 = −𝑎2 − 𝜂2,2
(2)𝑎2 − 𝜖2
(2)(1 + 𝜂1,1
(1))𝑆2
(2)𝑎2 
(3.23) 
The first term on the right-hand side of the equation is the direct energy consumption 
reduction from the technological change, or the mechanical effect. The second term is the 
substitution effect and the income effect within the sub-nest, where 𝜂2,2
(2)
 is the own-price 
elasticity of demand for energy. The last term is the income or output effect, where 𝜖2
(2)
 is 
the income elasticity for energy, and 𝜂1,1
(1)
 is the own-price elasticity of the final good 𝑍1. 
The rebound effect, therefore, is −𝜂2,2
(2) − 𝜖2
(2)(1 + 𝜂1,1
(1))𝑆2
(2)
. In the nested scenario, the 
magnitude of the rebound effect depends on a number of parameters: the own-price 
elasticity of energy, the income elasticity of energy, the cost share of energy in the sub-nest, 
and the own-price. Recall that in the non-nested utility function case, the rebound effect 
solely relies upon the own-price elasticity of energy demand. But in the nested case, or the 
household production function scenario, an extra term that captures the output change 
enters the rebound equation. When the final good or service is inelastic, or −1 < 𝜂1,1
(1) < 0, 
the rebound effect in the nested case is smaller than that in the parallel case. One way to 
understand this is that the savings from improved energy efficiency is spent more on other 
goods that do not require energy than on the energy-goods. However, if the final good 
produced by energy is elastic, or 𝜂1,1
(1) < −1, the rebound effect is larger than the parallel 
goods case. For example, when the fuel efficiency of a car improves, the own-price elasticity 
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of private transport service is elastic, and the fuel savings could be spent more on private 
transport than on other goods. 
An energy efficiency standard is a policy that requires the household to adopt a more 
efficient appliance; for example, a fluorescent light bulb, a more fuel efficiency car, or an 
energy-efficient heating system. The effect of a fuel efficiency improvement from exogenous 
autonomous progress and from a mandatory standard could be substantially different. One 
obvious difference between an exogenous energy improvement and a policy-induced 
energy improvement is the cost. When technology improves exogenous, the cost is 
negligible. For example, the fuel efficiency of automobiles has improved over recent years 
but the costs of cars with comparable characteristics remain more or less the same. 
However, if a fuel efficiency standard is imposed on a consumer’s choice of vehicle, this 
policy may incur extra costs to the consumer if other attributes of the vehicle are unchanged. 
The report to the European Commission on the assessment of long-term CO2 emissions 
targets for passenger cars and vans, for example, estimates that cost curve for various CO2 
reduction options for light vehicles (AEA, 2008). The constructed cost curve is of the third 
order polynomial, for instance 𝑃 = 𝑎𝑅 + 𝑏𝑅2 + 𝑐𝑅3  where 𝑃 is the additional cost on the 
vehicle and 𝑅 is the CO2 reduction. The shape of the cost curve is shown in the following 
figure. As can be seen from the graph, the rate of additional cost required to reduce 
additional one unit of CO2 is becoming larger as the CO2 reduction increases. 
 
Figure 3-3. Relationship between CO2 reduction and the associated additional costs per 
vehicle (adapted from Skinner). 
CO2 reduction (g/km) 
Cost 
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In the above case, I assume that fuel efficiency improvements associated with policy 
intervention mean more costs; however, there are other ways to reduce CO2 emissions 
without incurring additional costs. One example is that consumers could switch to a smaller 
car instead of buying a new car with a higher level of technology. It has been found that CO2 
emission intensity is directly correlated to vehicle mass (Heywood et al., 2015). Therefore 
downsizing would reduce both fuel use and car cost. However, I do not consider this case 
useful as the consumer may lose some utility when switching to a smaller car. The loss in 
utility is hard to measure so I will leave out this scenario. 
Although I have ruled out the case where energy efficiency standards do not impose 
additional costs to the consumer, I will discuss the cases where additional costs are incurred 
by fuel efficiency improvements in the policy scenario. First, I examine a special case where 
the fuel savings from improved efficiency is perfectly offset by the additional vehicle costs. 
The reason for considering this hypothetical case is that the additional cost solved here is 
the benchmark price for the consumer. If the real additional cost is smaller than this 
hypothetical cost, the consumer would enjoy a benefit, so there is a potential for the rebound. 
Otherwise, the consumer would be worse off, so no rebound would be evident. Second, I 
study a generalised case where the relationship between additional cost and the fuel 
efficiency improvement is shown in the figure discussed earlier.  
The consumer’s utility maximisation for the first case where the additional costs on the 
vehicle are simply offset by the fuel savings from adopting more fuel-efficient vehicles are 
set up as follows. 
 max  𝑈 = 𝐶𝐸𝑆(𝑍1, 𝑍2; 𝜎) 
𝑠. 𝑡. 𝑍1 = 𝐶𝐸𝑆(𝑋1, 𝐴2𝑋2; 𝜎1) 
𝑍2 = 𝑋3 
𝐴1𝑃1𝑋1 + 𝑃2𝑋2 + 𝑃3𝑋3 = 𝑌 
(𝐴1 − 1)𝑃1𝑋1 = (1 −
1
𝐴2
)𝑃2𝑋2 
(3.20) 
The last equation in the system (3.20) implies that the additional cost, represented at the 
left-hand side of the equation is equal to the fuel savings from improved efficiency. The 
term  𝐴1  is the vehicle price change, which also enters the fourth equation, the budget 
constraint in (3.20).  
In the linearised form, the solution is shown as follows, 
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 𝑧1 = 0 (3.21) 
 𝑧2 = 0  
 𝑥1 = −𝜎1𝑎1  
 𝑥2 = −𝑎2 − 𝜎1𝑎2  
 
𝑎1 =
𝑆2
𝑆1
𝑎2 
 
In fact, the price indices for the transport and the consumption bundle do not change. 
Therefore, there is no change in the final demand for goods 𝑧1  and 𝑧2 . However, the 
percentage change in the price of vehicles is the product of the ratio of the cost share of fuel 
to that of cars multiplied by the fuel efficiency progress. Another way to interpret the last 
equation in the system (3.21) is to think of this problem as the “endogenous growth” of 
technology. On one hand, the technology improvement increases the output; on the other 
hand, there is a cost associated with the technological improvement that limits the available 
budget at hand to increase the output. The case discussed here is a very special scenario 
because the cost is the same as the savings from the technology improvement. The rebound 
effect is 𝜎1 , the elasticity of substitution in the bottom nest. Next, I will explore a more 
generalised case. 
Suppose that the consumer faces a third polynomial cost curve of fuel reduction in the 
transport services it produces. The cost curve has the form 𝐴1 = 𝐴𝐴2 + 𝐵𝐴2
2 + 𝐶𝐴2
3 . 
Therefore, the consumer’s problem becomes 
 max  𝑈 = 𝐶𝐸𝑆(𝑍1, 𝑍2; 𝜎) 
𝑠. 𝑡. 𝑍1 = 𝐶𝐸𝑆(𝑋1, 𝐴2𝑋2; 𝜎1) 
𝑍2 = 𝑋3 
𝐴1𝑃1𝑋1 + 𝑃2𝑋2 + 𝑃3𝑋3 = 𝑌 
𝐴1 = 𝐴𝐴2 + 𝐵𝐴2
2 + 𝐶𝐴2
3 
(3.22) 
   
The solution in percentage change form is given as follows, 
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 𝑧1 = −𝑆𝐴𝑝𝐴 − 𝜎(−𝑆2𝑎2 + 𝑆𝐴𝑆2𝑎2) (3.23) 
 𝑧2 = −𝑆𝐴𝑝𝐴 + 𝜎𝑆𝐴𝑝𝐴  
 𝑥1 = 𝑧1 − 𝜎1𝑆2𝑎2  
 𝑥2 = −𝑎2 + 𝑧1 + 𝜎1(1 − 𝑆2)𝑎2  
where 𝑝𝐴 = (𝑆1𝜙 − 𝑆2)𝑎2, 𝜙 =
𝐴+2𝐵𝐴2+3𝐶𝐴2
2
𝐴+𝐵𝐴2+𝐶𝐴2
2  and 𝐴 > 0, 𝐵 > 0, and 𝐶 > 0. Therefore, 𝜙 > 1. 
The rebound effect, in this case following the same definition given by expression (3.19), is 
equal to −𝑆𝐴(𝑆1𝜙 − 𝑆2) − 𝜎(𝑆𝐴𝑆2 − 𝑆2) + 𝜎1(1 − 𝑆2) . Apart from the cost share of each 
commodity and each final good, the elasticity of substitution at each nest and the rebound 
effect in a policy scenario also depend on 𝜙, a parameter determined by the real cost curve 
of the fuel efficiency progress.  
The rebound effect could be positive or negative, depending on the cost of the fuel efficiency 
improvement. If taking the cost share and the elasticity parameters as a given, the rebound 
effect would be positive when 𝜙 <
𝑆𝐴𝑆2+𝜎𝑆2−𝜎𝑆𝐴𝑆2+𝜎1−𝜎1𝑆2
𝑆𝐴𝑆1
. Since 𝜙 is a function of 𝐴2, the 
positive rebound effect inequality could be represented as 𝜙(𝐴2) <
𝑆𝐴𝑆2+𝜎𝑆2−𝜎𝑆𝐴𝑆2+𝜎1−𝜎1𝑆2
𝑆𝐴𝑆1
. If 
𝜙 >
𝑆𝐴𝑆2+𝜎𝑆2−𝜎𝑆𝐴𝑆2+𝜎1−𝜎1𝑆2
𝑆𝐴𝑆1
, the rebound effect would be negative, implying that the 
consumption of fuel will decrease more than expected. 
Next, I derive the policy-induced fuel efficiency level 𝐴2
∗  in that the cost of the fuel efficiency 
technology is the same as the fuel savings on the consumer’s side. If the actual cost is lower 
than the break-even cost of purchasing a more fuel-efficient car, the consumer would be 
better off. Otherwise, if the mandatory standard requires a fuel efficiency level that delivers 
net cost to the consumer, the private utility of the consumer will decrease. The system below 
gives the solution for 𝐴2
∗ , which is the level of policy standard that will not change the utility 
of the consumer. 
 
(𝐴1 − 1)𝑆1 = (1 −
1
𝐴2
)𝑆2  
𝑃1(𝐴1 − 1) = 𝐴[𝑋2(1 −
1
𝐴2
)] + 𝐵[𝑋2(1 −
1
𝐴2
)]2 + 𝐶[𝑋2(1 −
1
𝐴2
)]3  
(3.24) 
The graph below shows the cost curves for the break-even case and the real case. In the 
break-even case, or the scenario where addition cost on the vehicle is equal to the fuel 
savings from technological improvement, the consumer’s utility does not change. This cost 
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curve is shown as a curve in the lower edge of the shaded area in the graph. The other 
curve on the graph represents the actual cost curve, where the additional cost is calibrated 
as a third polynomial of the fuel intensity reduction. Initially, the actual cost of the fuel 
efficiency improvement is lower than the breakeven cost, as shown in the shaded area on 
the left of 𝐴2
∗ . As the real cost is even lower than the break-even cost, the consumer will be 
better-off when he invests in the fuel-efficient vehicle. As there are extra savings from the 
technology, there is a possibility for the rebound effect. However, after the fuel efficiency 
reaches 𝐴2
∗ , the consumer will be worse off if he invests in the fuel efficiency technology, 
because the additional cost exceeds the monetary benefits from fuel savings, as shown in 
the area between the two cost curves on the right-hand side of 𝐴2
∗ . Although the consumer’s 
private utility will decrease if the fuel efficiency standard is set larger than 𝐴2
∗ , the overall 
social benefit could be larger than that in the shaded area. In addition, if the policy target is 
set strictly larger than 𝐴2
∗ , the rebound effect would be non-positive. 
 
Figure 3-4. The break-even and actual cost curves, and the positive and negative rebound 
effects. 
 A compensated version of the consumer’s problem 
Sometimes the consumer’s utility, rather than the budget constraint, is treated as 
exogenous. When the consumer’s utility is exogenous, the derived demand function is called 
the compensated, or Hicksian, demand function. I will discuss the energy efficiency 
improvement in different functional forms in the compensated world in this section. 
Fuel efficiency 
improvement 
 Cost   
chang
e 
 𝐴1 
1 +
𝑆2
𝑆1
 Break-even cost curve 
Actual cost 
Positive rebounds 
𝐴2
∗  
Negative rebounds 
1 
1 
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First, suppose the utility function is of the form CES, where energy is one of the commodities 
that the consumer consumes. There is only one nest in the function. The consumer’s utility 
maximisation problem is given by 
 max  𝑈 = 𝐶𝐸𝑆(𝐴1𝑋1, … , 𝐴𝑛𝑋𝑛; 𝜎) 
𝑠. 𝑡. 𝑃1𝑋1 + ⋯ + 𝑃𝑛𝑋𝑛 = 𝑌 
(3.25) 
where 𝐴𝑖  is the technological change term. Other notations that are consistent with the 
representation appear previously in this chapter. 
In the compensated case, the utility is exogenous. Therefore, the demand function for good 
𝑖 is given by 
 𝑥𝑖 = −𝑎𝑖 + 𝑎𝑖𝜎(1 − 𝑆2) (3.26) 
The “compensated” rebound effect is reduced to 𝜎(1 − 𝑆2) , which is smaller than the 
uncompensated rebound effect, 𝑆2 + 𝜎(1 − 𝑆2). The difference between the two rebound 
effects is the income effect. This relationship could also be explained by the Slusky equation 
as follows, 
 𝜂𝑖,𝑖 = 𝑆𝑖𝜖𝑖 + 𝜂𝑖,𝑖
ℎ  (3.27) 
 where 𝜂𝑖,𝑖 is the Marshallian uncompensated own-price elasticity of substitution, and 𝜂𝑖,𝑖
ℎ  is 
the Hicksian (compensated) own-price elasticity of substitution.  
Next, I explain the same narrative in the generalised utility functional form. Now the utility 
function is given by 
 max  𝑈 = 𝑈(𝐴1𝑋1, … , 𝐴𝑛𝑋𝑛) 
𝑠. 𝑡. 𝑃1𝑋1 + ⋯ + 𝑃𝑛𝑋𝑛 = 𝑌 
(3.28) 
The derived demand equation for good 𝑖 in the percentage change form is the same as (3.8). 
 𝑥𝑖
∗ = −𝑎𝑖 + Σ𝑘=1
𝑛 𝜂𝑖,𝑘(𝑝𝑘 − 𝑎𝑘) + 𝜖𝑖𝑦 (3.29) 
Since the utility is exogenous, the income changes by the same proportion of the average 
price change. That is, 
 𝑦 = 𝑢 − ?̅? = −?̅? (3.29) 
Therefore, the percentage change in the consumption of good 𝑖  after an exogenous 
technological shock is  
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 𝑥𝑖
ℎ = −𝑎𝑖 − 𝜂𝑖,𝑖𝑎𝑘 − 𝑆𝑖𝑎𝑖𝜖𝑖 (3.29) 
The rebound effect is −𝜂𝑖,𝑖 − 𝑆𝑖𝑎𝑖 in the compensated environment. In the uncompensated 
environment, however, the rebound effect for good 𝑖 is just −𝜂𝑖,𝑖. Obviously, the difference 
between the two rebound effects is the income effect, where in the compensated world, the 
rebound is the uncompensated rebound less the income effect.  
Next, I discuss the nested CES case where the consumer consumes final goods that are 
made by some intermediate inputs subject to the household production function. The utility 
maximisation problem is given as follows, 
 max  𝑈 = 𝐶𝐸𝑆(𝑍1, 𝑍2; 𝜎) 
𝑠. 𝑡. 𝑍1 = 𝐶𝐸𝑆(𝑋1, 𝐴2𝑋2; 𝜎1) 
𝑍2 = 𝑋3 
𝐴1𝑃1𝑋1 + 𝑃2𝑋2 + 𝑃3𝑋3 = 𝑌 
(3.30) 
The derived demand function for the final consumption good 𝑧𝑖 is given by 
 𝑧𝑖
ℎ = 𝑢 − 𝜎(𝑝𝐴 − ?̅?) (3.29) 
Since the utility is treated exogenous in the compensated scenario, this demand function 
reduces to the substitution effect such that 
 𝑧𝑖
ℎ = −𝜎(𝑝𝐴 − ?̅?) (3.30) 
The price index is the same as the previous analyses, where 𝑝𝐴 = −𝑆2𝑎2 and ?̅? = 𝑆𝐴𝑝𝐴. 
The demand function for the “intermediate input” fuel is given by 
 𝑥2
ℎ = −𝑎2 + 𝑧1
ℎ − 𝜎1(𝑝2 − 𝑎2 − 𝑝𝐴) (3.31) 
Substituting (3.30) into (3.31) yields 
 𝑥2 = −𝑎2 + 𝜎𝑆2𝑆3𝑎2 + 𝜎1𝑆1𝑎2 (3.31*) 
The above equation implies that the rebound effect is 𝜎𝑆2𝑆3 + 𝜎1𝑆1. Compared to (3.19), the 
compensated rebound effect is the uncompensated rebound effect less the income effect, 
𝑆𝐴𝑆2. For example, in the double-Leontief case, the compensated rebound effect is 0, while 
the uncompensated rebound effect is 𝑆𝐴𝑆2. 
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 The indirect rebound effect: GHG emissions 
The life-cycle assessment offers the embodied energy and GHG emissions for each 
consumer commodity. Motor fuel consumption, for example, has a GHG emissions intensity 
of 2.6 kg CO2-e/$, which includes the fuel life-cycle emissions (Dey, 2008). Another example 
is the meat industry, which has a GHG intensity of up to 1.7 kg CO2-e/$, for which the 
methane emissions from the cattle’s digestive system are calculated3. Therefore, to obtain 
the indirect rebound effect of GHGs, I use the following equation and function, 
 𝐺 = Σ𝑖=1
𝑛 𝐺𝑖 = Σ𝑖=1
𝑛 𝐺𝑖(𝐶𝑖, 𝑌𝑖) = Σ𝑖=1
𝑛 𝐺𝑖(𝐶, 𝑌𝑖(𝑋𝑖, 𝑃𝑖)) (3.32) 
where 𝐺 is the total greenhouse gas emissions from the household, which is the sum of the 
emissions from all consumption goods. 𝐺𝑖 is the emissions from the consumption of good 𝑖, 
𝑌𝑖 is the expenditure spent on good 𝑖, which depends on the price (𝑃𝑖), quantity (𝑋𝑖), and 
emissions intensity of that good (𝐶𝑖 ). The emissions from good 𝑖  can be expressed as 
follows, 
 𝐺𝑖(𝑃𝑖, 𝑋𝑖, 𝐶𝑖) = 𝑃𝑖𝑋𝑖𝐶𝑖 (3.33) 
Substituting equation (3.14) into equation (3.13) then total differentiating gives the 
percentage change in greenhouse gases emissions, 
 𝑔 = Σ𝑖=1
𝑛 𝑆𝑖
𝑔(𝑝𝑖 + 𝑥𝑖 + 𝑐𝑖) (3.34) 
where 𝑔 =
𝑑𝐺
𝐺
, 𝑝𝑖 =
𝑑𝑃𝑖
𝑃𝑖
, 𝑥𝑖 =
𝑑𝑋𝑖
𝑋𝑖
, 𝑐𝑖 =
𝑑𝐶𝑖
𝐶𝑖
 and 𝑆𝑖
𝑔 =
𝑃𝑖𝑋𝑖𝐶𝑖
Σ𝑖=1
𝑛 𝑃𝑖𝑋𝑖𝐶𝑖
. 
Considering the technological change, the equation (3.14) remains the same as 𝑎𝑖 cancels 
out. Now suppose a technological shock occurs on the fuel efficiency in the same case as 
the previous section. Then 𝑎𝑖 = 𝑎𝑖, 𝑎𝑘 = 0 for k≠ 𝑖, 𝑐𝑘 = 0, 𝑝𝑘 = 0 for all 𝑘. The percentage 
change in GHG emissions reduces to the following equation when there is only a 
technological shock on good 𝑖, ceteris paribus. 
 𝑔 = Σ𝑖=1
𝑛 𝑆𝑖
𝑔𝑥𝑖 (3.35) 
The direct mechanical effect measured by CO2 emissions is the weighted mechanical effect 
of energy consumption, where the weight is the energy share in emissions. Similarly, the 
direct rebound effect of GHG emissions is the emissions share weighted direct rebound 
effect of energy consumption. The indirect rebound effect on GHG emissions is the weighted 
                                            
3  How Meat Contributes to Global Warming. https://www.scientificamerican.com/article/the-greenhouse-
hamburger/ and Greenhouse factors Australia 
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sum of the emissions share and the change in consumption of each commodity in the 
consumption bundle.  
From the demand function presented in the equation (3.8), the demand change for each 
commodity in the case of technological change in good 𝑖 is 
 𝑥𝑖 = −(1 + 𝜂𝑖,𝑖)𝑎𝑖 for 𝑖 = 𝑖  
 𝑥𝑘 = −𝜂𝑘,𝑖𝑎𝑖 for 𝑘 ≠ 𝑖 (3.36) 
The table below shows the change in the GHG emissions decomposed into the mechanical, 
direct, and indirect behavioural effects. 
Table 3-5  Decomposition of the GHG emissions into mechanical and behaviour effects and 
the implied demand for energy and other intermediate goods. 
 Mechanical 
Effect 
Behavioural Effect 
(direct) 
Behavioural Effect 
(indirect) 
Consumption            
𝑥𝑖 = 
−𝑎𝑖 −𝜂𝑖,𝑖𝑎𝑖                     0 
Consumption            
𝑥𝑘 = 
0 0 −𝜂𝑘,𝑖𝑎𝑖 
    
GHG emissions          
𝑔 = 
−𝑆𝑖
𝑔𝑎𝑖 −𝑆𝑖
𝑔𝜂𝑖,𝑖𝑎𝑖 −𝑆𝑘
𝑔𝜂𝑘,𝑖𝑎𝑖   
Substituting (3.36), (3.37) into (3.35) gives the overall GHG emissions change after a 
technological change in good 𝑖, 
 𝑔 = (−𝑎𝑖)(Σ𝑘=1
𝑛 𝑆𝑘
𝑔𝜂𝑘,𝑖 + 𝑆𝑖
𝑔) (3.37) 
The break-even condition can be obtained by setting the above equation to zero, which 
gives 
 𝑆𝑖
𝑔 = −Σ𝑘=1
𝑛 𝑆𝑘
𝑔𝜂𝑘,𝑖 (3.38) 
The above equation is not convenient to understand, but since the 𝑆𝑖
𝑔 =
Si𝐶𝑖
𝐶𝑎𝑣𝑒
, where 𝐶𝑎𝑣𝑒 is 
the average carbon intensity which equals 
𝐺
𝑌
, the break-even condition can be expressed as  
 𝑆𝑖𝐶𝑖
𝐶𝑎𝑣𝑒
+ Σ𝑘=1
𝑛 𝑆𝑘𝐶𝑘
𝐶𝑎𝑣𝑒
𝜂𝑘,𝑖 = 0 
(3.39) 
The break-even condition, therefore, can be rearranged as 
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𝐶𝑖 = −
𝛴𝑘𝑆𝑘𝜂𝑘,𝑖𝐶𝑘
𝑆𝑖
 
(3.40) 
As can be seen from the above equation, if the carbon intensity of energy equals the share-
weighted sum of the carbon intensity for each good, the overall greenhouse gas emissions 
will not change. The share is determined by two components, the ratio between the cost 
share of another good and energy and the cross-price elasticity on energy price. If the 
carbon intensity of the energy good is less than the share-weighted sum of the expression 
on the right-hand  side of equation (3.40), the back-fire condition is met. Otherwise, total 
greenhouse gases emissions are reduced.  
For simplicity and without losing generality, consider the two goods case where energy is 
the good 1 and all the other commodities are aggregated into good 2. Note that by Cournot 
aggregation, 𝑆𝑖 can be expressed as 
 Si = −Σ𝑘𝑆𝑘𝜂𝑘,𝑖 (3.41) 
Therefore, the break-even condition becomes 𝐶1 = 𝐶2, meaning that the carbon intensity of 
energy is equal to the average of the carbon intensity of the consumption bundle. When the 
carbon intensity of energy is greater than the carbon intensity of other goods, and the cross-
price elasticity is negative (complimentarity between the two goods), an energy efficiency 
improvement reduces the overall greenhouse gases emissions, for the saved money is used 
to purchase goods that are less carbon intensive. If, on the contrary, assuming that the 
carbon intensity of energy is still greater than the carbon intensity of other goods but the 
cross-price elasticity is positive (supplementarity between the two goods), an energy 
efficiency improvement will increase the overall greenhouse gases emissions, for the saved 
money from improved efficiency is used to purchase energy goods that are relatively more 
carbon intensive.  
In the 𝑛 goods case, the share of energy will play a role. When the share of energy in the 
expenditure is large, the absolute value of the right hand of the equation (3.40) will be 
smaller, meaning that the requirement for the carbon intensity of the energy to meet the 
backfire condition is smaller than would otherwise be. This may have an implication on the 
rebound effect on different types of households with different energy share in their budgets.  
Next, I apply some specific functional forms on the utility function to explore the relationship 
between the share of GHG emissions and GHG weighted sum of the price elasticities that 
influences the break-even conditions and so on. The table below gives the break-even 
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condition, backfire condition and the conservation condition in the Cobb-Douglas, Leontief 
and CES utility function. 
Table 3-6 Break-even, backfire and conservation conditions under a generalised functional 
form and other specific function forms. 
 General Functional 
Form 
Cobb-
Dougla
s 
Leontief CES 
  𝜎 = 1 𝜎 = 0 𝜎 < 1 𝜎 > 1 
Break-even 
Condition 
𝑆𝑖
𝑔 = −Σ𝑘=1
𝑛 𝑆𝑘
𝑔𝜂𝑘,𝑖 Always 
met 
𝐶𝑖 = 𝐶𝑎𝑣𝑒 𝐶𝑖 = 𝐶𝑎𝑣𝑒 
 
𝐶𝑖 = 𝐶𝑎𝑣𝑒 
 
Backfire 
Condition 
𝑆𝑖
𝑔 < −Σ𝑘=1
𝑛 𝑆𝑘
𝑔𝜂𝑘,𝑖 Never 𝐶𝑖 < 𝐶𝑎𝑣𝑒 𝐶𝑖 < 𝐶𝑎𝑣𝑒 
 
𝐶𝑖 > 𝐶𝑎𝑣𝑒 
 
Conservatio
n Condition 
𝑆𝑖
𝑔 > −Σ𝑘=1
𝑛 𝑆𝑘
𝑔𝜂𝑘,𝑖 Never 𝐶𝑖 > 𝐶𝑎𝑣𝑒 𝐶𝑖 > 𝐶𝑎𝑣𝑒 
 
𝐶𝑖 < 𝐶𝑎𝑣𝑒 
 
If the utility function is Cobb-Douglas form, which implies a fixed budget share, a 
technological change will not have any actual impact on the consumption bundle. Therefore, 
the indirect GHG rebound effect always offsets the GHG emissions reductions from the 
technological change, implying the break-even condition is always met.  
The Leontief utility function assumes zero substitution elasticity, which means that the own-
price elasticity for good 𝑖 and the cross-price elasticities for good 𝑘 with respect to a price 
change in good 𝑖  equal −𝑆𝑖 . Therefore, the break-even condition reduces to 𝑆𝑖
𝑔 = −𝑆𝑖 . 
Rearranging gives  
 𝐶𝑖 = 𝐶𝑎𝑣𝑒 (3.41) 
where 𝐶𝑎𝑣𝑒 =
𝐺
𝑌
 is the average carbon intensity. The backfire condition requires the carbon 
intensity of the good which is improved in the energy use to be smaller than the average 
carbon intensity. In contrast, the conservation condition requires that the carbon intensity of 
good 𝑖 is larger than the average carbon intensity. For example, if the automobile fuel use 
is improved, and if the household utility follows the Leontief form, the conclusion is that the 
indirect rebound is smaller than the mechanical effect, therefore the GHG emissions are 
reduced. The reason behind this is that the carbon intensity for petrol is 2.6 kg CO2/$, 
whereas the average carbon intensity is around 0.5 kg CO2/$. The savings from the reduced 
use in petrol are now spent on goods that are less carbon intensive, which means that the 
consumption bundle is decarbonised by the increased efficiency in fuel.  
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For the CES case, the requirement for the backfire and conservation conditions depends on 
the elasticity of substitution. When the elasticity of substitution is smaller than unity, the 
backfire condition as well as the conservation condition, i the same as is in the Leontief case. 
In real life, the carbon intensity of energy service is usually higher than the average carbon 
intensity for the household. For example, the automotive fuel carbon intensity is 2.6 kg 
CO2/$, the electricity carbon intensity is around 1 kg CO2/$, and the average carbon intensity 
is only about 0.5 kg CO2/$, since the technological change does not induce many 
substitutions towards energy when the elasticity of substitution is smaller than one, and all 
other commodities have the same percentage change increase in response to the energy 
efficiency change. The overall GHG emissions will be reduced because the carbon intensity 
of other goods is lower than the energy good, thus the indirect behavioural effect is smaller 
than the mechanical effect.  
If the elasticity of substitution in the CES utility function is greater than unity, the results are 
opposite to those of the previous case. From the analysis of the direct rebound effect we 
know that the energy consumption will increase by (1 + 𝜎 + (1 − 𝜎)𝑆𝑖) per cent, which is 
over 1% after the efficiency improves by 1% when the elasticity of substitution is greater 
than 1. From the indirect side, the consumption of all other goods will reduce by (𝜎 − 1)𝑆𝑖 
per cent when energy efficiency improves by 1%. If the carbon intensity of all other goods is 
greater than the carbon intensity of the energy goods, total GHG emissions will be reduced, 
because the mechanical effect is offset by the mix of different behavioural effects from 
opposite directions. However, the real-life situation tends to be that that the energy goods 
are more energy intensive. If the elasticity of substation being greater than unity is true, a 
backfire in the overall GHG emissions will become possible. 
Table 3-7 Decomposition of energy consumption and GHG emissions into mechanical and 
behavioural effects.  
 Mechanical 
Effect 
Behavioural Effect 
(direct) 
Behavioural Effect 
(indirect) 
Energy consumption 
𝑥𝑖 = 
−𝑎𝑖 −𝑎𝑖[−𝜎 + (𝜎 − 1)𝑆𝑖] 0 
GHG emissions          
𝑔 = 
−
𝑎𝑖𝑐𝑖
𝐶𝑎𝑣𝑒
 −
𝑎𝑖𝐶𝑖
𝐶𝑎𝑣𝑒
[−𝜎 + (𝜎 − 1)𝑆𝑖] (−𝑎𝑖)𝑆𝑖 ∑(𝜎 − 1)
𝑘≠𝑖
 
𝐶𝑘
𝐶𝑎𝑣𝑒
 
3.4  Production Theory 
An energy efficiency improvement technology could also happen at the industry level. The 
same issues arise as the cost of production effectively reduces when the requirement for 
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energy per unit of output reduces. The oldest relevant example in modern times is the 
improvement of the steam engine by James Watt that was fundamental to the changes 
brought by the Industrial Revolution in both his native Great Britain and the rest of the world. 
Watt’s invention enabled industries to use coal more efficiently, to operate at a lower cost, 
and to produce more product with the same amount of energy input. A recent example would 
be the invention of steam turbines that replaced reciprocating engines in electricity 
generating stations in the 20th century. The efficiency of steam turbines has improved over 
time, saving the cost of maintenance and operation. Also, some energy efficiency 
improvements on energy appliances including light bulbs, air conditioning, and thermal 
insulation will also reduce the cost of operation of the firm as it is part of the input of the 
production. As the cost of production reduces, so will the price of the product. Therefore, 
demand for the product will grow, causing the rebound effect. Also, if substitution is possible 
between energy input and other inputs, the rebound could rise from the substation effect. 
The firm could substitute away from other input towards energy as its effective price is 
relatively lower. 
 Economists assume that firms are profit maximisers. Profit, the difference between revenue 
the firm earns from selling its product and expenditure it spends purchasing inputs, is income 
to the owner of the firm. With higher income, the owner of the firm could achieve higher utility 
because he is also a consumer reaching satisfaction through consuming goods and 
services. Clearly, profit maximisation does not have to be the only motive behind the firm 
activity. There are some other goals the firm may pursue, such as sales, market share, or 
prestige maximisation. However, these alternatives to profit maximisation can be considered 
as “profit” that allows the firm command over goods and services.  
The majority of economists entertain the assumption of profit maximisation in modern times 
for a few reasons. First, the prefix maximisation assumption has been supported by 
empirical evidence. Second, this assumption on the firm’s part leads to simplicity and 
consistency with the assumption of rational behaviours of the consumer. If the firm did not 
maximise its profit, the owner, a utility maximising consumer, will replace the manager, if the 
fault lies with the manager. If on the other hand, the owner is responsible for the mistake, 
then other nonsatiated firms outside this one are likely to replace it. 
The production process can be seen as transforming inputs into outputs. Whether producing 
a single output or multiple products, the productivity of the firm is bounded by technological 
feasibility. The state-of-the-art technology that is available determines the outcome of the 
transforming process, which could be represented by the constraint on the production 
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possibility set. However, it is often convenient and realistic to consider that firms only 
produce a single output from various inputs. The technology of the firm, therefore, can be 
described in a production function. 
Suppose there are 𝑛 firms producing a single but different output. Denote the amount of 
output of each firm by 𝑌𝑖, and the amount of input 𝑘 by 𝑋𝑘,𝑖. Assume that there are also 𝑛 
inputs, so that the entire vector of inputs demanded by firm 𝑖 is 𝑿𝒊 = (𝑋1,𝑖, … , 𝑋𝑘,𝑖, … , 𝑋𝑛). 
Since the input and output have to be non-negative, so 𝑿𝒊 ≥ 𝟎, and 𝑌𝑖 ≥ 0. 
The production function presents how the vector of inputs is transformed into the output. 
This function, 𝑓 , is a mapping from ℝ+
𝑛  into ℝ+ . There are a few assumptions on the 
production function that are useful for the calculus. 
Assumption 1. The production function, 𝑓: ℝ+
𝑛 → ℝ+, is continuous, strictly increasing and 
strictly quasiconcave on ℝ+
𝑛 , differentiable and 𝑓(𝟎) = 0. 
The continuity of the production function says that a small change in the input vector will 
lead to a small change in the output. Strictly increasing means that using strictly more of 
every input brings more output. Strictly quasiconcavity implies that there exists at least one 
complementarity in production. Other properties ensure that the calculus in the production 
function is possible.  
Since the firm is a profit maximiser, it will adopt the least costly production scheme for every 
level of output, which is realistic for all types of firms, including monopolists, perfect 
competition, and anything inbetween. Here, I assume that all firms are perfectively 
competitive on its input markets. In other words, firms are price takers, which do not have 
power individually over prices on the input markets. Denote the prices of the inputs by 𝑃 =
(𝑃1, 𝑃2, … , 𝑃𝑛) at which firms can buy inputs 𝑋𝑖 = (𝑋1,𝑖, … , 𝑋𝑛,𝑖).  
The cost minimisation problem can be shown as 
 𝐶(𝑘)(𝑷, 𝑄𝑘) = min 𝑷𝑿
(𝒌) (3.42) 
 𝑠. 𝑡. 𝑓(𝑘)(𝑿(𝒌)) ≥ 𝑄(𝑘)  
Assume that the cost function 𝐶  is positive linear homogeneous in input prices, 𝑷 . In 
addition, the cost function 𝐶 is positive linear homogeneous in output 𝑄, in the long run. For 
the firm producing product 𝑘, the conditional input demand is 𝑋𝑖
(𝑘)(𝑷, 𝑄(𝑘)) =
𝜕𝐶(𝑘)(𝑷,𝑄(𝑘))
𝜕𝑃𝑖
=
𝐶𝑖
(𝑘)
(𝑷, 𝑄(𝑘)), and 
𝜕2 𝐶(𝑘)(𝑷,𝑄(𝑘))
𝜕𝑃𝑖𝜕𝑃𝑗
= 𝐶𝑖𝑗
(𝑘)
 is negative semi-definite. Similar to the treatment on 
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the demand function for the consumer, total differentiate the conditional input demand then 
divide both sides by 𝑋𝑖
(𝑘)
 gives 
 𝑥𝑖
(𝑘) = Σ𝑖𝜂𝑖𝑗
(𝑘)
𝑝𝑗 + 𝑞
(𝑘) (3.43) 
where 𝑥𝑖
(𝑘)(𝑃, 𝑄(𝑘)) =
𝑑𝑋𝑖
(𝑘)(𝑃,𝑄(𝑘))
𝑋𝑖
(𝑘)(𝑃,𝑄(𝑘))
, 𝑝𝑗 =
𝑑𝑃𝑗
𝑃𝑗
, 𝑞(𝑘) =
𝑑𝑄(𝑘)
𝑄(𝑘)
 and 𝜂𝑖𝑗
(𝑘)
=
𝜕𝑋𝑖
(𝑘)
(𝑷,𝑄(𝑘))
𝜕𝑃𝑖
 
𝑃𝑖
𝑋
𝑖
(𝑘)
(𝑷,𝑄(𝑘))
. 
Since the conditional input demand is zero degree homogenous in 𝑷 , the sum of the 
conditional demand elasticities, equals zero, 
 Σ𝑗𝜂𝑖𝑗
(𝑘)
= 0 (3.44) 
The conditional demand elasticities and the Allen partial elasticity of substitution can be 
linked through the definition as follows 
 
𝜎𝑖𝑗
(𝑘)
=
𝐶𝑖𝑗
(𝑘)
𝐶(𝑘)
𝑋𝑖
(𝑘)
𝑋𝑗
(𝑘)
 
(3.45) 
Multiplying the denominator and numerator by 𝑃𝑗 yields 
 
𝜎𝑖𝑗
(𝑘)
=
𝐶𝑖𝑗
(𝑘)𝑃𝑗
𝑋𝑖
(𝑘)
𝑃𝑗𝑋𝑗
(𝑘)
𝐶(𝑘)
=
(
𝜕𝑋𝑖
(𝑘)
𝜕𝑃𝑗
)(
𝑃𝑗
𝑋𝑖
(𝑘))
𝑆𝑗
(𝑘)
=
𝜂𝑖𝑗
(𝑘)
𝑆𝑗
(𝑘)
 
(3.46) 
where 𝑆𝑗
(𝑘)
 is the share of input 𝑗 in total costs of production 𝑘. 
The demand function in linearised form, therefore, can be written as  
 𝑥𝑖
(𝑘) = Σ𝑗𝑆𝑗
(𝑘)
𝜎𝑖𝑗
(𝑘)
𝑝𝑗 + 𝑞
(𝑘) (3.47) 
Next, I introduce the term of technology. This trick is the same as that applied to the 
consumer’s utility maximisation problem. Technology saves input requirement per unit of 
output produced and reduces the effective price. Therefore, replace the demand by 𝐴𝑋 and 
replace the price by 
𝑃
𝐴
. The cost minimisation problem becomes 
 
 𝐶(𝑘)(𝑷, 𝑄𝑘) = min 𝑷𝑿
(𝒌) (3.48) 
 𝑠. 𝑡. 𝑓(𝑘)(𝑨(𝒌)𝑿(𝒌)) ≥ 𝑄(𝑘)  
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where 𝑨(𝒌) is the vector of technology change term corresponding to each of the input use 
in industry 𝑘. The conditional input demand function, given technological changes is given 
by the following equation 
 𝑥𝑖
(𝑘) + 𝑎𝑖
(𝑘) = Σ𝑖𝜂𝑖𝑗
(𝑘)
(𝑝𝑗 − 𝑎𝑖
(𝑘)) + 𝑞(𝑘) (3.49) 
where 𝑎𝑖
(𝑘)
is the percentage change in the input use 𝑖 in producing goods 𝑘. 
First consider the case where a single energy efficiency improvement, denoted by 𝑎𝑖
(𝑘)
 
happens exogenously in sector 𝑘. Then, 𝑎𝑖
(𝑘) > 0, 𝑎𝑗
(𝑘) = 0 for 𝑗 ≠ 𝑖. Since the firm is a price 
taker, 𝑝𝑘 = 0 for 𝑘 = 1, … , 𝑛. Putting these conditions into (3.31), the demand for energy as 
an input required in producing 𝑘 becomes, 
 𝑥𝑖
(𝑘) = −𝑎𝑖
(𝑘) − 𝜂𝑖𝑖
(𝑘)𝑎𝑖
(𝑘) + 𝑞(𝑘) (3.50) 
Given the assumption that the market is competitive, the price of the product is determined 
by the cost of production. In the long run, the percentage change in the unit cost of the 
product is −𝑆𝑖𝑎𝑖. This is implied by the zero profit condition. The detailed derivation on the 
unit cost is presented in Appendix A, if the energy use is saved holding other variables 
constant. Let 𝜂(𝑘) be the price elasticity of demand for product 𝑘. The change in quantity 𝑞(𝑘) 
is determined by the following behaviour equation, 
 𝑞(𝑘) = 𝜂(𝑘)𝑝(𝑘) (3.51) 
where 𝑝(𝑘) is the percentage change in the price of the product 𝑘, or equivalently, the cost 
of producing a unit of 𝑘. Substituting 𝑝(𝑘)  by −𝑆𝑖𝑎𝑖  into (3.51) then into (3.50) gives the 
demand for energy represented by the efficiency term and elasticities as follows, 
 𝑥𝑖
(𝑘) = −𝑎𝑖(1 + 𝜂𝑖𝑖
(𝑘) + 𝜂(𝑘)𝑆𝑖
(𝑘)
) (3.52) 
Setting the above equation to zero gives the break-even condition that describes that there 
is no change in the consumption of energy for the direct use of energy under an energy 
efficiency improvement in a specific sector. The table below shows the break-even, backfire, 
and energy conservation conditions, respectively. By comparing the rebound effect with the 
mechanical effect, the magnitude of the energy conservation can be obtained. The rebound 
effect, −𝑎𝑖𝜂𝑖𝑖
(𝑘) − 𝑎𝑖𝜂
(𝑘)𝑆𝑖
(𝑘)
, can be decomposed into the substitution effect and the output 
expansion effect. The first term of the rebound effect, using equation (3.28) can be rewritten 
as −𝑎𝑖𝜎𝑖𝑖
(𝑘)𝑆𝑖
(𝑘)
 measures how much the energy is used to substitute away from other inputs 
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from a decrease in effective price, following a technological change holding the production 
of 𝑘  constant. The second part of the rebound effect, −𝑎𝑖𝜂
(𝑘)𝑆𝑖
(𝑘)
 describes the output 
expansion effect, or the change in the demand for 𝑘 when energy efficiency improves. The 
output effect is the result of the reduction in production cost assuming a zero profit condition 
of the firm. As the cost share of energy in the cost production increases, the rebound effect 
is magnified. If the output is more elastic as well as the substitution elasticity, the rebound 
effect is larger.   
Table 3-8 Long run conditions for energy use facing an energy efficiency improvement.  
 Energy consumption percentage 
change 
Elasticities 
Break-even 
Condition 
𝑥𝑖
(𝑘) = 0 𝜂𝑖𝑖
(𝑘) + 𝜂(𝑘)𝑆𝑖
(𝑘)
= −1 
Backfire 
Condition 
𝑥𝑖
(𝑘) ≥ 0 𝜂𝑖𝑖
(𝑘) + 𝜂(𝑘)𝑆𝑖
(𝑘)
< −1 
Conservation 
Condition 
𝑥𝑖
(𝑘) ≤ 0 𝜂𝑖𝑖
(𝑘) + 𝜂(𝑘)𝑆𝑖
(𝑘)
> −1 
It would be useful to investigate some particular production function. I examine these 
conditions in the Cobb-Douglas, Leontief, and CES functions at the same time. 
Suppose that the production function is of the CES form. Then the conditional demand 
function for input 𝑖 becomes 
 𝑥𝑖
(𝑘) = −𝑎𝑖
(𝑘) − 𝜎(𝑘) [(𝑝𝑖
(𝑘) − 𝑎𝑖
(𝑘)) − 𝑝𝑎𝑣𝑒
(𝑘) ] + 𝑞(𝑘) (3.53) 
where 𝜎(𝑘) is the elasticity of substitution for the firm producing 𝑘, 𝑝𝑎𝑣𝑒
(𝑘) = Σ𝑗=1
𝑛 𝑆𝑗
(𝑘)(𝑝𝑗
(𝑘) −
𝑎𝑗
(𝑘)) is the average cost of production, and 𝑞(𝑘) = −𝑎𝑖
(𝑘)𝜂(𝑘)𝑆𝑖
(𝑘)
. Setting equation (3.34) to 
zero gives the break-even condition. 
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Table 3-9.Break-even, backfire, and conservation conditions under a generalised production 
function and other specific production functions. 
 General Functional 
Form 
Cobb-
Dougla
s 
Leontief CES 
  𝜎(𝑘)
= 1 
𝜎(𝑘) = 0 𝜎(𝑘) > 0 
Break-even 
Condition 
𝜎(𝑘) (𝑆𝑖
(𝑘)
− 1)
+ 𝑆𝑖
(𝑘)
𝜂(𝑘) = −1 
𝜂(𝑘)
= −1 
𝜂(𝑘)
= −
1
𝑆𝑖
(𝑘)
 
𝜂(𝑘) = −
−1 − 𝜎(𝑘)(𝑆𝑖
(𝑘) − 1)
𝑆𝑖
(𝑘)
 
Backfire 
Condition 
𝜎(𝑘) (𝑆𝑖
(𝑘)
− 1)
+ 𝑆𝑖
(𝑘)
𝜂(𝑘) < −1 
𝜂(𝑘)
< −1 
𝜂(𝑘)
< −
1
𝑆𝑖
(𝑘)
 
𝜂(𝑘) < −
−1 − 𝜎(𝑘)(𝑆𝑖
(𝑘) − 1)
𝑆𝑖
(𝑘)
 
Conservatio
n Condition 
𝜎(𝑘) (𝑆𝑖
(𝑘)
− 1)
+ 𝑆𝑖
(𝑘)
𝜂(𝑘) > −1 
𝜂(𝑘)
> −1 
𝜂(𝑘)
> −
1
𝑆𝑖
(𝑘)
 
𝜂(𝑘) > −
−1 − 𝜎(𝑘)(𝑆𝑖
(𝑘) − 1)
𝑆𝑖
(𝑘)
 
These conditions are for the long-run scenario where the firm is free to choose all input 
optimally. For the short-run case, the firm may face some restrictions that forbid it from using 
more of some inputs, like capital. Since in the short run, the firm cannot choose all input 
optimally, the short-run costs will never be smaller than the long-run costs. The reduction in 
effective price due to the technological change, therefore, is smaller than that in the long 
run. If the elasticity of substitution is small, the short-run expansion effect will be smaller 
than that of the long-run expansion effect. The short-run rebound effect should be less than 
the long-run rebound effect. Though the short-run rebound effect is an important issue, I do 
not examine the short-run scenario in detail, as the change in the energy consumption, in 
the long run, is the interest of my analysis. 
 Other Inputs Efficiency Improvements with an Energy Efficiency Improvement 
In the real world, the energy efficiency improvement is likely to be accompanied with other 
technological changes, i.e. a labour productivity improvement. In this section, I examine the 
rebound effect under energy efficiency and other inputs efficiency changes. 
The setting of the producer’s cost minimisation problem is the same as that in the previous 
section except that now the firm could make use of two technological improvements. The 
first technological improvement is on energy use 𝑋𝑖 and the second is on good 𝑗, say labour. 
Suppose the technological ratio of these two inputs use is 
𝑎𝑗
𝑎𝑖
= 𝛾.  
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The demand function for the energy input still follows equation given by (3.49). However, 
the efficiency improvement in good 𝑗  changes the consumption for energy through two 
channels, the income and the substitution effect. If the production function follows the CES 
form, the demand function for energy can be expressed as  
 𝑥𝑖
(𝑘) + 𝑎𝑖
(𝑘) = 𝑞(𝑘) − 𝜎(𝑘)[(𝑝𝑖
(𝑘) − 𝑎𝑖
(𝑘)) − ?̅?(𝑘)] (3.54) 
where  ?̅?(𝑘) = −𝑆𝑖
(𝑘)
𝑎𝑖
(𝑘)
− 𝑆𝑗
(𝑘)
𝑎𝑗
(𝑘)
 and 𝑞(𝑘) = 𝜂(𝑘)?̅?(𝑘) 
On one hand, the presence of the efficiency improvement in the intermediate input 𝑗 
intensifies the output effect by lowering the cost of production. On the other hand, the 
technological change in good 𝑗 weakens the substitution effect, as the relative price change 
in energy is less.  
The break-even condition is given as follows, 
 
𝜂(𝑘) =
𝜎(𝑘) − 1
𝑆𝑖 + 𝛾𝑆𝑗
− 𝜎(𝑘) 
(3.55) 
Table 3-10 Break-even, backfire, and conservation conditions under different functional 
forms of the production function. 
 Cobb-
Douglas 
𝜎(𝑘) = 1 
Leontief 
𝜎(𝑘) = 0 
CES 
𝜎(𝑘) > 0 
 𝜂(𝑘) = −1 
𝜂(𝑘) = −
1
𝑆𝑖 + 𝛾𝑆𝑗
 
 
Break-even 
Condition 
  
𝜂(𝑘) =
𝜎(𝑘) − 1
𝑆𝑖 + 𝛾𝑆𝑗
− 𝜎(𝑘) 
Backfire 
Condition 
𝜂(𝑘) < −1 
𝜂(𝑘) < −
1
𝑆𝑖 + 𝛾𝑆𝑗
 𝜂(𝑘) <
𝜎(𝑘) − 1
𝑆𝑖 + 𝛾𝑆𝑗
− 𝜎(𝑘) 
Conservation 
Condition 
𝜂(𝑘) > −1 
𝜂(𝑘) > −
1
𝑆𝑖 + 𝛾𝑆𝑗
 𝜂(𝑘) >
𝜎(𝑘) − 1
𝑆𝑖 + 𝛾𝑆𝑗
− 𝜎(𝑘) 
 
The rebound effect, therefore, is −𝜂(𝑘)(𝑆𝑖 + 𝛾𝑆𝑗) + 𝜎(1 − 𝑆𝑖 − 𝛾𝑆𝑗). As usual, the first term of 
the rebound effect is the output effect, and the second term is the substitution effect. The 
contribution of the technological improvement on the other good 𝑗 is clearly shown as 𝛾 
positively enters the output effect and negatively enters the substitution effect. 
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In the Cobb-Douglas case, where the elasticity of substitution is unity, the break-even 
condition reduces to a very simple form: the elasticity of demand for good 𝑘 has to be unity. 
If the elasticity of demand is more elastic, the energy consumption will increase, or the 
backfire condition will be realised. Otherwise, if the elasticity of demand for good 𝑘  is 
inelastic, there is no risk of backfire; instead, the energy conservation is reached. 
In the Leontief case, where no substitutability between any inputs is allowed, the rebound 
effect is only left with the output effect. The graph below shows the backfire area of the 
Leontief type of production function. The horizontal axis represents the technological 
improvement in good 𝑗,  compared to the energy input. In fact, 𝛾  has to be positive to 
represent a technological improvement. When 𝛾  is zero, this case becomes what I 
previously analysed, that is, solely the rebound effect from energy efficiency improvement. 
When 𝛾 = 1, the efficiency change in good 𝑗 is exactly the same as the energy efficiency 
improvement measured in a percentage change basis. As the technology in the other input 
improves, the value of the elasticity of demand required to reach the break-even condition 
becomes larger, or smaller in absolute value. Therefore, as the other efficiency of the other 
input use improves, the backfire is more likely to happen with inelastic demand. 
                       
Figure 3-5. The backfire area under Leontief production function given different levels of 
technological improvement at two input use and elasticity of demand for final good 𝑘. 
In the CES case, when the substitution of elasticity is smaller than unity, a similar shape of 
the break-even curve could be drawn as the Figure 3-3. However, when the substitution of 
elasticity is greater than unity, the break-even curve has a different shape, as shown in 
Figure 3-4. The shaded area represents the backfire area. For example, if the elasticity of 
𝛾 
𝜂(𝑘) 
−
1
𝑆𝑗
(𝑘)
 
Backfire area 
 120 
demand is smaller than 
𝜎(𝑘)−1
𝑆
𝑖
(𝑘)
+𝑆
𝑗
(𝑘) − 𝜎
(𝑘) when 𝛾 = 1, the energy consumption will increase 
after the technological changes.  
                                     
Figure 3-6. The backfire area under a CES production function with the elasticity of 
substitution greater than unity, given different levels of technological improvement at two 
input use and elasticity of demand for final good 𝑘. 
 
3.5  Discussion 
The present study examined the effect of the energy efficiency improvements on energy 
consumption of different economic agents. The effect of an exogenous technological 
improvement is then decomposed into the mechanical effect and the behavioural effect. The 
mechanical effect depicts the direct energy conservation from improved technology in the 
absence of behavioural changes. Ideally, energy policies aiming at higher efficiency would 
result in energy conservation predicted by the engineering calculations. However, the 
behavioural changes raise the demand for energy-goods or services. Thus, the energy 
conservation is not as much as it is often predicted. Based on the magnitude of the rebound 
effect, I examined the break-even, backfire, and conservation conditions. The break-even 
condition is met when energy consumption does not change, or the energy savings are 
completed taken back by the behavioural effect when energy efficiency improves. When the 
rebound is over 100%, the backfire condition is reached, leading to more energy use in the 
end despite the efficiency progress. The energy conservation condition describes the case 
where rebound effect is limited, thus the overall energy savings are possible. However, it is 
unlikely that the full prediction on the energy savings could be achieved, given the elasticity 
𝛾 
𝜂(𝑘) 
Backfire area 
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of demand for energy is not zero. Key parameters that play a role in manifesting the rebound 
effect are identified in these conditions. Theoretically, the analyses provide the foundations 
for the existence and the channels of the rebound effect that derails the outcome of an 
energy efficiency improvement.     
The theoretical analyses in this study revealed that there exist different channels of rebound 
effects between consumers and producers. This result is new to the literature. From the 
consumer’s side, to achieve the maximum utility, the consumer will use more energy when 
the technological progress reduces the effective price of energy. The magnitude of the direct 
rebound effect is purely determined by the uncompensated own-price elasticity of demand 
for energy. However, the rebound effect from the firm has more composites. Due to the 
substitution effect, the firm substitutes away from other intermediate inputs toward energy 
because of the drop in the effective cost of energy. Furthermore, when the market is perfectly 
competitive, the decrease in the cost of production from improved energy efficiency will 
become a decrease in the price of the product in the market. Final demanders, including 
firms, consumers, exports, investment, and government will consume more of the product 
as the price of this good goes down. This effect is called the output effect as a composite of 
the rebound effect, for the energy consumption increases as the production increases. The 
output effect at the industrial level requires specific attention as it is not merely the response 
of the consumer’s demand response but is, instead, the aggregation of the demand 
response from the domestic and overseas demanders. 
The rebound effect from a technological improvement at the consumer side could be 
decomposed into two effects. From the Slutsky equation, the total price effect of an energy 
efficiency technology is decomposed into the substitution effect and the income effect. 
However, the substitution effect captured by the Hicksian own-price elasticity of demand is 
unobservable. The Slutsky relations give the answer for the magnitude of the substitution 
effect, given the observable total effect (the uncompensated own-price elasticity) and the 
income effect (the product of the share of energy in the expenditure and the income 
elasticity). When the own-price elasticity of substitution is negative unity, the behavioural 
change equals the mechanical change. Therefore, the rebound effect is 100%, meeting the 
break-even condition, where energy consumption does not decrease or increase after an 
energy efficiency enhancement. When the Marshallian own-price elasticity of demand for 
energy is less elastic than utility in absolute value, the rebound effect will be less than 100%, 
resulting in the energy conservation. However, there is no guarantee that the actual 
efficiency technology could take full advantage of its conservation potential, given the fact 
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that the demand for energy is responsive to price changes. The result shows that the 
backfire effect, where hypothetical energy savings become heavier energy use, is also 
possible under certain conditions. For example, if the own-price elasticity of demand is 
elastic (greater than unity in absolute value), the rebound effect manifests over 100%. While 
empirical research on the price elasticity of energy presents a small price elasticity in the 
short run (less than 1 in absolute value), the long-run price elasticity varies. Besides, the 
price elasticity is not uniform across income levels. What it seems to indicate is that a direct 
rebound effect in the short run is not large enough to completely offset the energy savings 
from the technological improvement in energy use. Though the chance of meeting the 
backfire condition is low in the long run, the manifested long-run rebound effect could derail 
energy-efficiency schemes to a much larger extent. The rebound effect should not be seen 
as a static process; it is likely that the long-run price elasticity will increase over time, thus 
creating larger rebounds during a long period. 
These conditions were examined concerning the indirect rebound effect of greenhouse 
gases emissions at the consumer level. Unlike the direct rebound effect, indirect rebounds 
occur when an energy efficiency improvement on one good or service induces more demand 
for other goods or services. With the aid of the life-cycle analysis, the greenhouse gases 
emissions, as well as the carbon intensity from all consumption goods, are given as the 
embodied greenhouse gases emissions from each commodity. The indirect rebound effect 
also has a solid theoretical foundation, as shown in this study. The overall change in the 
greenhouse gases emissions is jointly determined by the carbon intensity of energy, the 
share of each good in the expenditure, and the cross-price elasticity of demand of each good 
with respect to the energy price. If the energy commodity comprises a large share of the 
consumer’s budget, the break-even condition is less restrictive as the carbon intensity 
requirement for the energy good is lowered. This finding reinforces the empirical evidence 
that low-income households or countries experience higher rebound effects than rich 
households or countries (Baker et al., 1989; Milne and Boardman. 2000; Murray, 2012). One 
further issue of theoretical significance should be noted. When assuming a constant-
elasticity-of-substitution form of the utility function, the break condition requirement reduces 
to the carbon intensity of energy, equalling the average carbon intensity overall. As the 
energy good normally is more carbon intensive than that of the average consumption 
bundle, with the elasticity of substitution being less than unity, the overall greenhouse gases 
emissions are achieved. The reason behind this result is that, with the elasticity of 
substitution being less than unity, goods are weakly complimentary. Due to the energy 
efficiency improvement, the effective price reduction in energy results in an increase in the 
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consumption of other goods. The indirect rebound effect, therefore, is not carbon intensive 
enough to completely offset the greenhouse gases emissions reduction from this 
technological improvement.   
Although these findings do not negate the claim that the direct rebound effect is small and 
is, therefore, no excuse for inaction (Gillingham et al., 2013), the findings on the indirect 
rebound effect suggest that the indirect rebounds could further undermine the supposed 
energy savings from improved efficiency. Taking the indirect rebound into account means 
that the energy-efficiency legislation may be less effective. In most cases, energy goods are 
more carbon intensive than the carbon intensity of the consumption bundle. Besides, the 
elasticity of substitution is limited between energy and other goods. Therefore, the backfire 
condition is hard to meet. However, if the energy is generated by renewable resources, for 
instance, hydropower, then the backfire would be possible for the savings from the energy 
efficiency progress is spent on other goods that are relatively more carbon intensive. 
It is interesting to note that the rebound effect at the industrial level is different from that at 
the consumer level. This new finding of theoretical significance should be noted. As an 
energy efficiency technology improves in a specific industrial sector, it directly reduces the 
requirement for energy use. However, the lower effective price of energy tends to encourage 
substitution away from other intermediate inputs towards energy. Furthermore, extra 
rebound effects occur when the expansion of the product results from energy-efficient 
technologies that reduce the cost of production. The sources of this expansion include not 
only the domestic consumers, but also the overseas demanders. Therefore, the magnitude 
of the output effect could be larger than expected. It should be noted that these results apply 
to the long-run scenario where firms have the ability to choose a number of inputs. On the 
contrary, the firm may not have the ability to change some of the inputs, such as specialised 
capital machinery, in the short run. Therefore, the firm faces a more restrictive production 
function, in that they may not reduce the production as much as they could in the long run. 
On the one hand, this restriction limits the substitution effect. Therefore, energy may be used 
more. On the other hand, as the cost of production may not be reduced significantly, the 
output effect would be smaller than that of the long run, so the rebound is smaller. Though 
it is not clear if the rebound effect is small in the short run, the long-run picture is clear to 
predict with the knowledge of the elasticity of substitution, the share of energy in the cost of 
production, as well as the demander-aggregated elasticity of demand for the product. 
Although this is a microeconomic model, some of the findings are in line with the results 
obtained from similar models but at a macroeconomic perspective. For example, Stern 
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(2011) concluded that backfire is more likely when the share of energy costs is high in the 
macroeconomic model he developed that integrated energy use and energy services.   
The result of theoretical analyses provides support for the view that the rebound effect could 
undermine the energy savings from improved efficiency. The findings of the study clearly 
justify that the rebound effect is not a distraction from energy planning. This study 
theoretically investigated how the rebound effect rises through various channels among 
different economic agents. The findings suggest that energy consumption could increase 
with the technological improvement under certain circumstances, taking into account that 
the indirect rebound effect results in fewer  energy efficiency benefits. Efficiency mandates, 
if not incurring any costs when implementing, will be less effective due to the rebound effect. 
This study provided new insights regarding the rebound effect and the conditions for energy 
conservation; however, more research is required in this area to test and expand on the 
discoveries of this study. More research is required on the household utility structure, 
focussing on how energy is utilised to satisfy the consumer’s utility. Also, it would be 
interesting to develop a household production theory to fit in with the rebound theory. Indeed, 
a promising line of study would be to investigate the cost of the technology. An empirical 
study of the cost of energy efficiency improvement would help to clarify whether energy 
efficiency improvement is endogenous or exogenous. Further examination could reveal how 
the cost of technology could reduce the undesired rebound effect.  
There are a few limitations on the study. First, the treatment of the household utility does 
not allow household production. The second limitation is that the production function does 
not allow for the nesting structure. In other words, there is no cost associated with the energy 
efficiency improvement. Furthermore, as noted by Sorrell, Gillingham and so on, the energy 
efficiency improvement may come with a cost which is neglected in this study.   
3.6  Conclusion 
The debate over the existence of the rebound effect and its consequences on energy 
consumption has crucial implications for energy efficiency mandates as well as technology 
improvement. This study attempted to address this issue through some theoretical 
considerations. First, I introduced the conceptual distinction between an energy efficiency 
improvement at the consumer’s side, i.e. households, and an energy efficiency technological 
progress at the producer’s side. Second I detailed how the consumer theory the 
microeconomics could help understand the fundamental channel of the direct rebound effect 
on a solid theoretical basis. Third, I attempted to explain the indirect rebound effect with the 
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aid of the life-cycle assessment on the carbon intensity of each consumer commodity as 
well as the consumer theory. Furthermore, I attempted to clarify the nature of the producer’s 
behaviour regarding a technological progress in energy use and explained the key 
parameters that affect the rebound from at the producer side. 
I observe that the existing literature does not provide a solid theoretical analysis of the 
rebound effect. Therefore there has been debate over the sources and the magnitude of the 
rebound effect for years without a clear definition of the rebound effect. Therefore, I find the 
theoretical basis for the existence of the rebound effect is the parameters that determine the 
magnitude of the rebound effect. The demarcation between the rebound effect from the 
consumer’s side and that from the firm’s side is crucial for understanding how an energy 
efficiency improvement impacts the economic agent’s behaviour. In the consumer’s case, 
the magnitude of the direct rebound effect is simply the product of the uncompensated own-
price elasticity and the energy efficiency improvement. Comparing the rebound effect with 
the mechanical effect gives the final energy consumption change. For example, if the 
energy-good is less elastic with its own-price elasticity less than unity, the mechanical effect 
outweighs the rebound effect. Therefore, energy conservation will be achieved despite the 
existence of the direct rebound. However, if the energy-good is elastic, backfire effect could 
happen where energy savings from the mechanical effect turn into greater energy 
consumption. Empirical studies indicate that the short-run elasticity of energy demand is 
relatively small, between 0.1-0.3, while the long-run energy demand is often found to be 
more elastic (between 0.4-1.5) than the short run (eia, 2014 
https://www.eia.gov/analysis/studies/buildings/energyuse/pdf/price_elasticities.pdf).   
Empirical studies also show that the price elasticity of energy varies across households and 
countries. Households and countries with low income tend to have large price elasticity of 
energy compared to the rich households and countries, indicating larger rebounds at low-
income level.  
On the industrial side, the rebound effect is the summation of the substitution effect and the 
output effect. Larger substitutability between energy and other inputs allows for larger 
indirect rebounds. Since the output effect is determined by the share of energy in the costs 
of production as well as the price elasticity of the demand for the final product, energy 
intensive industries are likely to experience larger rebounds, ao will the industries providing 
goods that are highly elastic, i.e. air travel (elasticity between 1.3 to 2.0 ) (Voorhees and 
Coppett, 1981, The Changing Price Elasticity of Demand for Airline Travel). The long-run 
price elasticity of natural gases is -1.25 (Burke, 2016), and would indicate a high likelihood 
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of the backfire effect because the share of energy in the cost in the natural gases industry 
is close to one. 
It is possible that the rebound effect caused by an automotive fuel efficiency improvement 
is different from a technological progress in the coal use in electricity generation, because 
the share of the energy in total costs, the price elasticity of demand for the final output, and 
the production function are different in each of the product.  Thus, it would be useful to 
estimate rebound effects on different goods or services, respectively, and answer the 
question of the magnitude of the rebound effect by a simple and uniform answer.  
A primary conclusion of this study is that rebound effect could cause a backfire effect under 
certain circumstances. Even if energy consumption does not backfire, the predicted energy 
conservation is offset by the presence of the rebound effect. This study argued that the 
rebound effect should be the rational behaviour of the economic agents. Therefore, the 
existence of the rebound effect improves the private welfare. Unfortunately, the utility 
maximisation, as well as the cost minimisation behaviour, sullies the social welfare rather 
than the private utility because of the externality of energy consumption. Some economists 
have mistakenly argued that the rebound effect improves welfare without distinguishing the 
private and social players of the economy (Gillingham, Rapson and Wagner, 2016). 
Policymakers should be careful about the energy efficiency policies when energy-efficiency 
measures have to be on the policy menu to curb GHG emissions; other options such as a 
carbon tax should be included to minimise the rebound effect from all sources.  
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Chapter 4 An Overview of the Australian New Light Vehicle Market 
4.1 Introduction 
The first step in answering my research question on whether the rebound effect could 
undermine an energy efficiency policy was to investigate theoretically what factors 
determine the magnitude of the rebound effect. In the previous chapter, I established a 
theoretical framework for analysing an energy efficiency improvement both at a household 
and at a firm. I also compared the rebound effect from autonomous energy efficiency 
improvement with policy-induced energy efficiency improvement. This normative economic 
approach provides insights that allow policymakers to understand the overall impact of an 
energy efficiency improvement on an economy. 
In this chapter, I will study the issue from a positive economic angle. I will report on the 
Australian new light vehicle market and examine the current policies on fuel efficiency across 
the world. This chapter is essential in analysing the effectiveness of the carbon emissions 
standards proposed by the Australian Government, which is one of the key questions this 
thesis aims to answer. 
I will begin by presenting an overview of the new light vehicle market in Australia, then move 
on to exploring how these changes in sales affect the average fuel efficiency at the fleet 
level. Next, I provide a comparison of other markets with the Australian market. Finally, I 
argue my conclusion that a fuel efficiency standard based on vehicle size and emissions is 
crucial for policymakers to consider to reduce carbon emissions from the private transport 
sector.  
The Australian Government has planned to set mandatory greenhouse gas emission targets 
for new light vehicles, based on Australia's strategy for CO2 emissions reductions for 
passenger and light commercial vehicles (CCA, 2014). The government proposed to set a 
vehicle fleet average carbon intensity target for new vehicles sold in Australia that matches 
the international levels  
Globally, fuel efficiency standards have become a favoured legislation option in many 
countries (An & Sauer, 2004). For example, the USA established the Corporate Average 
Fuel Economy (CAFE) target for the new vehicle fleet in 1975. The CAFE program created 
by the US was first designed to tackle the oil price instability that had resulted from the 
1970's oil embargo. A crucial development of the CAFE is an inclusion of the greenhouse 
gas (GHG)) emission target set by the previous Obama Administrations (NHTSA 2011).  
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The European Union has also made great strides in their legislation covering mandatory 
CO2 emissions from new light-duty vehicles. The EU mandated passenger vehicles and light 
commercial vehicles emissions separately. The CO2 emissions mandates resemble the US 
CAFE standards; the target measured by carbon dioxide emissions can be directly 
translated into goals measured by fuel economy. For example, following the formula 
provided by ICCT90 (2014a), the 2020 EU target for passenger vehicles 95 g/km translates 
to 3.8/km or 5.74 miles per gallon (mpg) of petrol, given the mix of the fuel type and the 
carbon content of each fuel type. However, the Australian car market lacks both a fuel 
efficiency standard and CO2 emissions standards. This shortage might be one of the 
reasons why Australian vehicles are larger and less fuel-efficient. 
However, there has been a debate on the effectiveness of fuel efficiency standards in the 
decades since the legislation of the US CAFE. For example, Karplus et al. (2013) identified 
that fuel efficiency standards could be at least six to fourteen times costlier than a gasoline 
tax in reaching a 20% decrease in overall gasoline use. 
This chapter provides a statistical picture of passenger motor vehicle, sports utility vehicle, 
and light truck vehicle fleets in Australia from 1994 to 2016. The chapter focuses on vehicle 
attributes, fuel economy, carbon emissions intensity, and market statistics. 
A brief summary characterising fuel efficiency improvements in Australia can be found in the 
following sections. 
4.2 Australian New Light Vehicle Market 
 Light Vehicle Sales 
The definition of light vehicles in Australia includes passenger motor vehicles, sports utility 
vehicles and light commercial vehicles (or light trucks) that are less than 3.5 tonnes in tare 
weight (passenger vehicles) or gross vehicle mass (in terms of light trucks) There are a few 
different classifications in the subclass of the light vehicles, as shown in Table 4.1.  
The Sales of New Motor Vehicles (SNMV), published by the Australian Bureau of Statistics 
(ABS), collects monthly sales figures for passenger vehicles, SUVs, and other vehicles. 
Passenger vehicles and SUVs are collectively referred to as “cars”. “Other vehicles” includes 
vans, trucks, and buses, but excludes motorcycles. Sales of other vehicles in 2015 
numbered 231,254, most of which were contributed from light commercial vehicles sales 
(197,072).  
Another publication that reports motor vehicle attributes is the Motor Vehicle Census (MVC). 
There are nine categories in the motor vehicles classification (ABS 2016): passenger 
 129 
vehicles, campervans, light commercial vehicles, light rigid trucks, heavy rigid trucks, 
articulated trucks, non-freight carrying trucks, buses, and motorcycles. “Passenger vehicles” 
in the MVC is equivalent to the combination of “passenger vehicles” and “SUVs” in the 
SNMV. Note there is a subclass designated “campervans” which includes “self-propelled 
motor vehicles containing an area primarily used for accommodation. This category includes 
motor homes and powered caravans”. However, this classification is ambiguous because 
some vehicles weighing less than 3.5 tonnes could be modified to a campervan, while others 
heavier than 3.5 tonnes can also be converted to a campervan. Compared to other classes, 
the number of campervans is relatively small. The definition of light commercial vehicles in 
the MVC and “campervans” are not mutually exclusive. Light trucks is another name for light 
commercial vehicles, but light rigid trucks are not included in this category because light rigid 
trucks are of a GVM greater than 3.5 tonnes and less than or equal to 4.5 tonnes (ABS 
2015b).  
The Federal Chamber of Automobile Industry (FCAI) classifies light-duty vehicles into three 
categories: passenger motor vehicles, SUVs, and light trucks (FCAI 2016b). “Passenger 
motor vehicles” in the FCAI is the same as “passenger vehicles” in SNMV. The sum of 
passenger motor vehicles and SUVs are “Passenger vehicles” in the MVC. “Light 
commercial vehicles” is the same as “light trucks” in the FCAI and SNMW. Since the number 
of campervans is almost negligible, compared to that of light commercial vehicles, we can 
approximate that the light trucks in the FCAI number the same as the light commercial 
vehicles in the MVC. 
After peaking in 2007, new passenger motor vehicles sales in Australia gradually decreased 
to about 0.5 million in 2015. This figure is 19% below its position before the global financial 
crisis in 2008, when there were about 0.6 million passenger cars sold annually in Australia. 
The decline in car sales was most conspicuous for passenger motor vehicles, compared to 
SUVs and other vehicles. In 2008, the number of new passenger vehicle sales has fallen by 
over 5% since 2007. However, SUV sales decreased by just 2%. Sales of other vehicles, 
including light commercial and heavy-duty trucks, were 3% above the 2007 sales figure. 
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Table 4-1. Classification of vehicles and interrelationship. 
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Figure 4-1 Sales by Type, Australia, 2015. 
 
0
200000
400000
600000
800000
1000000
1200000
2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015
Sales by Type
PV SUV LCV
 131 
Figure 4-1 Annual sales of light vehicles by type — new passenger vehicles (PVA), sports 
utility vehicles (SUVA) and light commercial vehicles (LCV). 
The Australian vehicle market changes signification regarding vehicle types. Some 75% of 
all new vehicles sold during the 1990s occurred in the passenger motor vehicles category. 
The share of passenger vehicles in total sales has declined continuously since 1997, falling 
to around 40% in 2015. However, SUV sales have been growing strongly over the years, 
from less than 10% of total market share in 1994 to around 40% in 2015. The current market 
share for SUVs is four times the share recorded in 1994. Interestingly, the proportion of other 
vehicles remains constant between 15% - 20% during these years. 
The Australian automobile market is decentred over a number of automakers. One hundred 
and sixty-four different car models (passenger vehicles, SUVs, and light commercial 
vehicles) each sold over 1,000 units in 2015. The top four models sold were made by Toyota, 
Mazda, Hyundai, and Holden. However, the market is much more competitive: the top 
twenty models only account for less than 40% of the market. 
The level of rivalry varies from type to type. The SUV market and the LCV market are centred 
on only a few manufacturers. The top ten models capture over 50% of the SUV market. In 
contrast to the passenger vehicles market, the top model (Ford Ranger) accounts for almost 
10% of the light commercial vehicles market. The majority of vehicle manufacturers produce 
both passenger motor vehicles and SUVs, but the producers that dominate the SUV market 
are not necessarily the top sellers in the passenger motor vehicles market. The number of 
light commercial vehicles makers is comparatively fewer than passenger car manufacturers. 
Therefore, the competitiveness of the light commercial vehicle market in Australia is 
considerably less than that of the passenger vehicle market. 
Toyota sells the highest number of passenger vehicles, followed by Mazda, Holden, and 
Hyundai. The sales of Toyota passenger vehicles number over 200,000. Combined, Mazda, 
Holden, and Hyundai sales number over 100,000. 
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Figure 4-2 Sales by make, passenger vehicles, Australia 2015. 
Thanks to the strong surge in SUV sales, total vehicle (passenger vehicles and trucks) sales 
grew at a faster pace from 2014. During the same period, EU, the US, Japan, and China 
saw a similar trend in car sales, which is the key driver for the surge in global car sales. 
In the passenger motor vehicles category, sales of the subclass “small” are the highest 
among the eight segments. The orange line in the graph below depicts the percentage 
change in sales as compared to 2014. People movers have the fastest growth rate at 10%. 
The sales of the “micro” subclass declined most, by over 30%. It seems that people are 
moving towards larger vehicles in the passenger motor vehicles class. 
 
Figure 4-3 Energy Sales by segment, passenger vehicles, Australia, 2015. 
 Fuel efficiency and carbon intensity for new light vehicles in Australia 
The average carbon dioxide emissions intensity from new passenger vehicles and light 
commercial vehicles has been gradually declining since 2002. The first year in which the 
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combined CO2 emissions from light vehicles dropped below 200 g/km was 2012. The carbon 
dioxide emissions level decreased to a value of 184 g/km in 2015, about 25% lower than 
that in 2005, implying an average annual decrease rate of 2.4%. It could be expected that 
the new car carbon intensity continues to decline if a ceteris paribus assumption holds. The 
compositional change happening in the mix of the Australian vehicle fleet is causing concern 
that the rate of reduction in new car emissions intensity may slow down. As shown in the 
previous section, the number of sales of SUVs and the proportion of SUVs in the vehicle 
market has been growing steadily since the 1990s. The next chapter will explain in detail 
how this change in vehicle composition may affect the overall carbon emissions intensity.   
 
Figure 4-4. Change in new light vehicles carbon intensity in Australia, 2015. 
4.2.2.1 Sales weighted emissions intensity 
The Australian light vehicle carbon intensity is calculated as a simple sales-weighted 
average of CO2 emissions. The carbon dioxide emissions intensity from each model is 
obtained during the vehicle certification process from the report for each brand (FCAI 
2015a). The sales-weighted approach emphasises the importance of the number and share 
of sales in total emissions. For example, if there are only two models in the fleet, one emits 
100 g/km, the other emits 200 g/km; the arithmetic average of the carbon intensity is 150 
g/km. If the sales of the vehicle with the high emissions intensity dominate, the actual carbon 
emissions would be higher than the simple arithmetic average. The beauty of the sales-
weighted measure is that it is closer to the real average emissions intensity. The formula for 
the calculation is given in the following equation, 
0
50
100
150
200
250
300
2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015
g/
km
Axis Title
Carbon Intensity for New Vehicles Sold in Australia
 134 
 
𝑆𝑊𝐶 =
Σ𝑁𝑖𝐶𝑖
Σ𝑁𝑖
 
(4.1) 
where 𝑁𝑖 is the sales of model 𝑖, 𝐶𝑖 is the reported carbon intensity of model 𝑖. Formula (1) 
could be rewritten in equation (2) as, 
 𝑆𝑊𝐶 = Σ𝑆𝑖𝐶𝑖 (4.2) 
where 𝑆𝑖 is the market share of sales of model 𝑖. This is how the share-weighted sum is 
calculated. 
 4.2.2.2 New European Driving Cycle (NEDC) 
The CO2 emissions from light vehicles are calculated using the approaches specified in 
Australian (Legislation 2008). The document offers an explicit formula to calculate fuel 
efficiency from the density of the test fuel, the measured emission of hydrocarbons, carbon 
monoxide, and carbon dioxide. The formula is as follows, 
 
𝐹𝐸 =
0.1155
𝐷
[(0.886 · 𝐻𝐶) + (0.429 · 𝐶𝑂) + (0.273 · 𝐶𝑂2)] 
(4.3) 
where 𝐹𝐸 is the fuel efficiency, or fuel consumption in litres per 100 km (in the case of petrol, 
LPG, or diesel) or in m3 per 100 km (in the case of natural gas), 𝐻𝐶 is the measured emission 
of hydrocarbons in g/km, 𝐶𝑂 is the measured emission of carbon monoxide in g/km, 𝐶𝑂2 is 
the measured emission of carbon dioxide in g/km, 𝐷 =is the density of the test fuel. Most 
often than not, formula (3) could be reduced to formula (4) where carbon intensity is directly 
translated to fuel efficiency (Source: International Council on Transportation (ICCT), 
Passenger vehicle greenhouse gas and fuel economy standards: a global update, ICCT, p. 
29, accessed 9/11/2016.). 
 
𝐹𝐸 =
𝐶𝑂2
23.2
 
(4.4) 
The conversion from CO2 emissions intensity directly to fuel economy can be understood by 
using some basic knowledge in physics and chemistry. One litre of petrol weighs 0.75 kg4, 
which is lighter than water. The chemical composition of petrol varies, containing a mixture 
of more than 200 different hydrocarbon liquids, ranging from those containing four carbon 
atoms to those containing 11 or 12 carbon atoms5. On average, the ratio between the 
number of carbon atoms and the number of hydrogen atoms is 1:2.256. The ratio of the atom 
                                            
4 http://www.aqua-calc.com/calculate/volume-to-weight 
5 http://www.eng-tips.com/faqs.cfm?fid=1552 
6 https://www.scientificamerican.com/article/experts-weight-ratio-co2-fuel/ 
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mass of carbon and hydrogen is 12:1. In other words, 0.63 kg of carbon exists in 0.75 kg of 
petrol. In the internal combustion engine of a vehicle where petrol is burnt with the help of 
high temperature and a supply of oxygen to release energy to drive the vehicle in motion, 
carbon dioxide, water, and heat are produced by the chemical process. One carbon atom is 
combined with two atoms of oxygen in the combustive process. The atom mass ratio 
between carbon and oxygen is 3:4. Therefore, burning 1 litre of petrol means that 1.68 kg 
oxygen has to be extracted from the air to combine with the 0.67 kg carbon. So in total, 2.3 
kg of CO2 is emitted from burning one litre of petrol.   
 
Figure 4-5. Major chemical components of Petrol. 
The second step is to convert the unit g/km to L/100 km. Since 1 litre of petrol is equivalent 
to 2.3 kg CO2, 1 L/100 km = 2.3 kg/100 km. Dividing the right hand side of the equation by 
1,000 on the denominator and numerator, gives 2.3 g/100 m, equivalent to 23 g/km. 
Therefore, 1 g/km is 1/23 L/100 km.  
Australia runs its own certification according to the parameters in ADR 81/02, using imported 
fuel to meet the requirement in the test cycle that is well-known as the New European Drive 
Cycle (NEDC). The Australian testing system consists of two phases (see Figure 4.6). The 
first phase is an urban cycle composed of four elementary urban cycles. The second phase 
is an extra urban cycle simulating a more aggressive, high-speed driving behaviour. The 
test reports the combined results from both phases.  
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Figure 4-6. New European Drive Cycle for M1 and N1 category vehicles. 
*Source: P.54 ADR 81/02 Vehicle Standard (Australian Design Rule 81/02 — Fuel 
Consumption Labelling for Light Vehicles 2008)  
4.3 Comparison with Other Markets 
 Comparison with European market 
Comparison between the carbon intensity of Australian vehicles and that of the vehicles of 
other countries should be treated with caution. Aside from differences in the definition and 
classifications of vehicles, consumer preference is subject to demographic, political, and 
geographic factors that vary significantly between different countries. A few issues have to 
be taken into account. The first problem is that the various countries adopt separate 
classifications of vehicles. First, the definition of light vehicles in Australia includes 
passenger motor vehicles, sports utility vehicles, and light commercial vehicles (or light 
trucks) that are less than 3.5 tonnes in tare weight. However, the EU does not adopt the 
definition of light vehicles. Instead, the EU uses “passenger cars” to represent passenger 
vehicles and SUVs, and the same “light commercial vehicles” category as that used in 
Australia.  
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4.3.1.1 Definition 
Table 4-2 gives a full comparison on the classification of vehicles in Australia, while Table 
4-3 offers a detailed classification of vehicles in the EU. Key features of the differences are 
summarised in the table as follows. 
Table 4-2.Australian Vehicle Classification (FCAI, 2017). 
Light Vehicles 
1 Passenger Motor Vehicles 2 Sports Utility Vehicles 3 Light Trucks 
Passenger motor vehicles are 
classified into eight segments. 
Footprint is defined as length 
(mm) x width (mm) 
Vehicles classified as Sport Utility 
Vehicles (SUV) meet the FCAI 
criteria for classifying SUV vehicles 
based on a 2/4 door wagon body 
style and elevated ride height. 
Vehicles will typically feature 
some form of 4WD or AWD; 
however, where a 2WD variant of 
a model is available it will be 
included in the appropriate 
segment to that model. 
Vehicles designed principally 
for commercial but may 
include designs intended for 
non-commercial applications. 
 (based on footprint)  
1.1 Micro 2.1 Small 3.1 Light bus < 20 Seats 
Hatch, sedan or wagon with a 
footprint < 6,300 
 8+ seats, but less than 20 
seats 
 < 8,100  
1.2 Light 2.2 Medium 3.2 Light Bus > 20 Seats  
Hatch, sedan or wagon with a 
footprint range 6,301 - 7,500 
8,101 - 8,800 20+ seats 
1.3 Small 2.3 Large 3.3 Vans/CC <= 2.5t 
Hatch, sedan or wagon with a 
footprint range 7,501 - 8,300 
 Blind/Window vans and Cab 
Chassis <= 2.5t GVM 
 8,801 - 9,800  
1.4Medium 2.4 Upper Large 3.4 Vans/CC > 2.5–3.5t 
Hatch, sedan or wagon with a 
footprint range 8,301 - 9,000 
9,801 > 
Blind/Window vans and Cab 
Chassis between 2.5 and 3.5 
tonnes GVM 
1.5 Large    
Hatch, sedan or wagon with a 
footprint range 9,001 - 9,500 
 3.5 Pick-up / Chassis 4x2 
  
Two driven wheels, normal 
control (bonnet), utility, cab 
chassis, one and a half cab 
and crew cab 
1.6Upper Large  3.6 Pick-up / Chassis 4x4  
 Hatch, sedan or wagon with a 
footprint range 9,501 > 
 
Four driven wheels, normal 
control (bonnet), utility, cab 
chassis, one and a half cab 
and crew cab 
1.7 People Movers   
 Wagon for passenger usage, 
seating capacity > 5 people 
  
1.8 Sports    
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*Source: Federal Chamber of Automobile Industry7,  
Table 4-3. EU Vehicle Classification. 
Category M Category N 
Motor vehicles having at least four wheels 
and for the carriage of passengers 
Power-driven vehicles having at least four 
wheels and for the carriage of goods 
M1 Vehicles designed and constructed for 
the carriage of passengers and comprising 
no more than eight seats in addition to the 
driver’s seat, and having a maximum mass 
(“technically permissible maximum laden 
mass”) not exceeding 3.5 tonnes 
N1 Vehicles for the carriage of goods and 
having a maximum mass not exceeding 3.5 
tonnes  
M2 Vehicles designed and constructed for 
the carriage of passengers, comprising 
more than eight seats in addition to the 
driver’s seat, and having a maximum mass 
(“technically permissible maximum laden 
mass”) not exceeding 5 tonnes 
N2 Vehicles for the carriage of goods and 
having a maximum mass exceeding 3.5 tonnes 
but not exceeding 12 tonnes  
M3 Vehicles designed and constructed for 
the carriage of passengers, comprising 
more than eight seats in addition to the 
driver’s seat, and having a maximum mass 
exceeding 5 tonnes 
N3 Vehicles for the carriage of goods and 
having a maximum mass exceeding 12 tonnes  
*Source: European Commission’s Vehicle categories 8 
 
 
 
 
 
 
                                            
7 https://www.fcai.com.au/sales/segmentation-criteria 
8 http://www.transportpolicy.net/index.php?title=EU:_Vehicle_Definitions 
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Table 4-4.Comparison between Australian and EU Vehicle Classifications. 
Classification Australia EU Equivalent 
Light vehicles Passenger vehicles and 
light trucks below 3.5 tonnes 
Not applicable 
Passenger vehicles 
 
Passenger motor vehicles 
and SUVs, less than 3.5 
tonnes 
M1: Motor vehicles having 
at least four wheels and for 
the carriage of passengers, 
less than 3.5 tonnes 
Passenger motor vehicles Passenger vehicles 
excluding SUVs. 
Not applicable 
SUVs Passenger vehicles 
excluding passenger motor 
vehicles. 
Not applicable 
Light commercial vehicles Same as light trucks N1 Vehicles for the carriage 
of goods and having a 
maximum mass not 
exceeding 3.5 tonnes 
Heavy vehicles Above 3.5 tonnes Above 3.5 tonnes 
4.3.1.2 Market share by each type 
The composition of the vehicles market in Australia differs significantly from that of the EU 
market. Passenger motor vehicles (cars other than SUVs) account for three-quarters of the 
European market. However, the proportion of passenger motor vehicles and SUVs is almost 
the same in Australia, around 40%. Light commercial vehicles are least popular in Europe, 
contributing only 11% of the market share. However, with a market share of 20%, light trucks 
play a much more important role in Australia than in the EU.   
Table 4-5. Comparison between Australian and EU market share by type. 
Country Passenger Motor Vehicles SUVs LCVs 
Australia 41% 39% 20% 
EU 70% 19% 11% 
Source: NTC carbon emissions intensity for new Australian light vehicles (NTC 2016), FCAI 
Overview of NACE and global CO2 targets. EU ICCT Pocketbook (ICCT 2014).  
The top-selling models in Australia and in the EU differ considerably. In 2015, the best seller 
in the light vehicles market for Australia was the Toyota Corolla, with a carbon emissions 
intensity of 154 g/km. The best seller in the EU market was the Volkswagen Golf; the carbon 
intensity is almost half of the Australian top-selling model. A more detailed comparison of 
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engineering features can be found in the following table. For example, the vehicle mass of 
the Golf is only 100 kg less than that of the Corolla. The Golf sold in the EU is mostly diesel-
fuelled whereas, in Australia, most vehicles are petrol-fuelled. This difference could be a 
result of the EU’s target on emissions which will be discussed later. 
The Golf is a popular model for Australia; the total number of sales in 2015 exceeded 20,000. 
However, the features of the Golf model in Australia are substantially different from that in 
Europe. Only 1% of Golfs sold in Australia are diesel-fuelled. The carbon emissions intensity 
for Golf Australia is 126 g/km, which is almost 50% higher than the carbon intensity of the 
EU’s Golf. The size of the Golf in Australia is larger than European’s, as is the engine power. 
Both the Toyota Corolla and the VW Golf are in the same category of “small” in the 
passenger motor vehicle class. 
Table 4-6. Comparison between Australian and EU top-selling models. 
Country Best 
seller 
Manufacturer Carbon 
Intensity 
(g/km) 
Vehicle 
mass (kg) 
Engine 
power (kW) 
Fuel 
type 
Australia Corolla Toyota 154 1,280 103 Petrol 
EU Golf  Volkswagen 85 1,180 81 Diesel 
Source: ICCT European Vehicle Market Statistics Pocketbook 2015. 
4.3.1.3 Target 
EU has the most stringent legislation on mandatory emission standards for both new 
passenger cars and light commercial vehicles9. The 2015 target requires that new cars 
registered in the EU do not emit over an average of 130 grams of CO2 per kilometre (g/km). 
The 2015 target was first met in 2013, when the average carbon dioxide emissions from 
new passenger vehicles dropped below 130 g/km (ICCT 2015). The carbon intensity of new 
cars in the EU has decreased continually since 2013, proving the policy instrument effective 
since implementation. A new target for 2020 has been set to 95 g/km. 
Light commercial vehicles (light trucks under 3.5 tonnes) have a different standard to follow 
in the EU. As with passenger cars, the target was met before the starting year – the 2017 
target of 175 g/km was first achieved in 2013. This objective has been updated to 147 g/km 
for 2020. 
                                            
9 Climate Action, https://ec.europa.eu/clima/policies/transport/vehicles/cars/index_en.htm 
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The EU target for passenger cars should not be compared directly with Australian light 
vehicles; the EU’s passenger cars are equivalent to the combination of passenger motor 
vehicle and SUVs, but excluding the light commercial vehicles, or light trucks.  
 
 
Figure 4-7 Limit Curve for 2015 and 2020 and the performance of the Australian fleet in 
2015. 
Source: ICCT 2015 CO2 emissions from new passenger cars in the EU: car manufacturer 
performance 
The 2020 target for passenger vehicles is 95 g/km. However, it allows manufacturers to 
produce cars above the target as long as the fleet-average emissions intensity from one 
producer is under the limit curve. The limit curve for passenger vehicles is given by the 
formula below (ClimateAction 2016),  
 𝐶𝑂2 = 95 + 𝑎(𝑀 − 𝑀0) (5) 
where 𝑀 is the mass of the vehicle in kilogram (kg), 𝑀0 is the average weight of the vehicle 
fleet, 1,372 kg (for 2012-2015, 1,393 kg for 2016-2019, updated to the average mass of all 
vehicles registered between January 2017 to December 2019 for 2020 and onward). 𝑎 is 
0.0333. This limit curve for EU cars implies that a car weighing 1,372kg is allowed to emit 
95 g/km under a testing environment. When the vehicle mass increases by 100 kg, an extra 
3.33 grams of CO2 is granted. For each car producer, the sales-weighted carbon intensity 
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should be lower than the point in the limit curve, given its sales-weighted average vehicle 
mass. 
 A different limit curve is imposed on the light trucks (equivalent to light commercial vehicles) 
in Regulation (EU) No. 510/2011 of the European Parliament and the Council (EUR 2011). 
Table 4-7. Limit Curves for EU light trucks in different target years. 
Target year Limit curve Parameter 
2014 to 2017 𝐶𝑂2 = 175 + 𝑎(𝑀 − 𝑀0) 
 
𝑀0 = 1706 
𝑎 = 0.093 
2018 and 2019 𝐶𝑂2 = 147 + 𝑎(𝑀 − 𝑀0) 
 
𝑀0 will be updated 
𝑎 = 0.093 
From 2020: 𝐶𝑂2 = 147 + 𝑎(𝑀 − 𝑀0) 
 
𝑀0 will be updated 
𝑎 = 0.096 
Source. Annex 1. http://ec.europa.eu/clima/policies/transport/vehicles/vans/index_en.htm 
The EU’s target of carbon emissions reduction is the most stringent in the world. In the 
absence of a mandatory standard, Australian vehicles are more carbon-intensive than the 
EU fleet regarding per kilometres travelled. The average tare weight of the Australian 
passenger vehicle is 1,566 kg. In the EU’s 2015 limit curve for cars, a 1,566 kg car is allowed 
to emit 139 g/km. Another 10 g/km is allowed for derogation. Australian vehicles are 20% 
above the EU’s curve. The average weight of the subclass SUVs is 1,978 kg. However, the 
actual emissions intensity is 25% larger than allowed in the 2015 EU standard. 
4.3.1.4 Consumer behaviour 
In general, Australian consumers prefer larger passenger vehicles than do Europeans. The 
average weight of vehicles in EU is less than 1,400 kg, compared to the Australian average 
of around 1,600 kg. in the limit curve, the Australia vehicle fleet is above the limit curve, 
implying that Australians prefer larger and less efficient vehicles. Suppose that the average 
carbon emissions intensity of passenger vehicles sold in Australia fell on the limit curve for 
the 2015 EU target, given the average weight of 1,600 kg. On average, one car emitted 
around 7 grams more carbon per kilometre travelled than European cars.   
Second, over half the new vehicles sold in the EU are diesel-fueled, but only a fraction of 
the passenger vehicles are fueled by diesel in Australia, even though the diesel cars are 
usually 20% more efficient than petroleum cars. The difference between the EU and 
Australia is due to fuel economy policy. Australia does not impose any carbon emissions 
intensity standard or fuel economy standards on automakers. Therefore, there is no 
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incentive for car producers to provide efficient models to Australians. However, the EU’s 
carbon emissions target has been in effect for a few years. This policy has directed 
consumers to purchase more efficient cars. Note it also causes other environmental 
problems by only stressing the importance of carbon emissions reduction. 
As for the engineering perspective, Australians buy more automatic transmissions than 
Europeans. The average engine size in the Australian fleet is larger than that in the 
European market. This difference may be the result of Australian's unique geographic and 
demographic characteristics. Most cities are sparsely distributed, and the climate of large 
areas is dominated by warm, moist air. An automobile with automatic transmission and a 
larger engine will be preferable for longer distances and extreme conditions (FCAI 2015b; 
NTC 2016). 
4.3.1.5 Policy related to EU emissions standard 
To ensure the target is met by each car manufacturer, penalty payments apply to the 
automakers for excess emissions (ClimateAction 2016). This progressive penalty rate 
requires the automaker to pay an excess emissions premium for each car registered, given 
the fact that fleet-average emissions of the manufacturer violate the target. If the 
exceedance is 1 g/km, the premium is 5 Euros (equivalent to 7.18 Australian dollars) per 
car. If there are 2 g/km run-over, the first g/km costs 5 Euros, followed by 15 Euros (21.53 
AUD) for the second g/km, giving an average of 10 Euros (AU$ 14.36) per g/km. If the 
violation amounts to 3 g/km, the first and second premium rates remain the same, €5 and 
€15, respectively, but the third g/km increases to €25, meaning that the carmaker will pay 
€15 per g/km. If the emissions intensity exceeds 4 g/km, the first 3 g/km on average will be 
penalised by €15, then every extra g/km will be charged €95 (AU$136.40) for every 
registered car. This penalty is in effect until 2018. From 2019, the premium will be uniformly 
set to €95 (AU$ 136.40) per g/km of exceedance. 
On the other hand, to encourage the development of new technologies, the EU introduced 
more flexible policies related to the target, including eco-innovations and super credits. The 
eco-innovations give credits to new technologies that reduce carbon dioxide emissions, 
which could not be demonstrated by the current testing system. If sufficient evidence is 
provided, a maximum emissions saving of 7 g/km per year will be granted to manufacturers 
that adopt innovative carbon-saving technologies. 
Another point of flexibility in the EU’s standards is that it allows different manufacturers to 
group together and act jointly to meet the target. However, the competition law still applies, 
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and the exchange of information is limited to carbon emissions target and number of 
registrations. 
Super credits will be given to carmakers if the emissions intensity is extremely low (less than 
50 g/km). For example, a low emissions intensity car will be counted as two vehicles in 2020. 
In this case, all electronic vehicles will be double-counted for zero emission. However, the 
carbon emissions reduction may not be reduced if the electricity generation emits 
greenhouse gases. A detailed discussion of electric vehicles, life-cycle emissions and the 
inadequacy of the current Australia Green Vehicle Rating is provided at the end of this 
chapter.  
 Comparison with the US market. 
Unlike EU and Australia, Americans treat SUVs as part of light trucks. The classification of 
vehicles by America is passenger vehicles and light trucks. 
4.3.2.1 Definition of vehicles 
Unlike the EU and Australia, Americans include SUVs in the category of light trucks. The 
classification of vehicles by America is passenger vehicles and light trucks. 
The US uses a different system of vehicle classification. SUVs are classified as light trucks 
(Rules and Regulations 2012). The table below gives an example of the vehicle category by 
the US. 
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Table 4-8. Examples of vehicle type and targets for 2025. Source: Federal Register vo.77 
No. 199 Monday, October 15 2012/ Rules and Regulations pp. 62648 
Vehicle type Example models 
Example 
model 
footprint 
(sq. ft.) 
CO2 Emissions 
target (g/mi) 
Fuel 
economy 
target 
(mpg) 
Passenger cars 
Compact car Honda Fit 40 131 61.1 
Midsize car Ford Fusion 46 147 54.9 
Full size car Chrysler 300 53 170 48 
Light duty trucks 
Small SUV 4WD Ford Escape 43 170 48.5 
Midsize 
crossover Nissan Murano 49 188 43.4 
Minivan Toyota Sienna 56 209 39.2 
Large pickup 
truck 
Chevy Silverado (extended 
cab, 6.5 foot bed) 67 252 33 
Note: Footprint is measured by the product of the vehicle’s wheelbase and the vehicle’s 
average track width. The footprint basis is different from Australian  
Table 4-9. American, Australian and EU classification comparison 
US category AU EU US category AU EU 
Cars by US   
 
Light Trucks by 
US 
  
Full Size Car PV M1 Full-Size Pickup LCV N1 
Luxury Car  PV M1 Mid-Size Pickup LCV N1 
Midsize car PV M1 Full-Size Van LCV N1 
Mini Car PV M1 Mid-Size Van LCV N1 
Small Car PV M1 Mid-size MAV SUV M1 
Specialty Car PV M1 Small MAV SUV M1 
   
Full-Size SUV SUV M1 
   
Mid-Size SUV SUV M1 
   
Small SUV SUV M1 
   
Full-Size CUV SUV M1 
   
Mid-Size CUV SUV M1 
   
Small CUV SUV M1 
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Note: MAV—Multi-Activity Vehicle, or a vehicle with a tall roof and elevated seating positions 
such as a Mazda5. SUV—Sports Utility Vehicle, CUV—Crossover Utility Vehicle 
4.3.2.2 US light vehicles market share 
The market share of light-duty vehicles by type in the US resembles the Australian vehicle 
fleet mix. Under the Australian definition, passenger motor vehicles account for 47% of total 
new light vehicle registrations, followed by SUVs (34%) and light commercial vehicles (19%) 
(FCAI. Overview of NACE and International CO2 target). 
Australian light vehicles are lighter than the US fleet. In the US, the top-selling model among 
light vehicles is the Ford F150 (petrol), which is classified in the pick-up segment in the light 
commercial vehicles class. Compared to the EU’s top-selling model Golf (diesel), the Ford 
F150 is twice as large as the Golf regarding vehicle mass. The Ford F150 weighs 1,000 kg 
more than the best seller in Australia, Toyota Corolla (petrol). America’s top model has the 
largest CO2 emissions intensity amongst the three markets; 255 grams of carbon dioxide 
are emitted per kilometre travelled by a Ford F150. The emissions from the top-selling 
vehicle model are almost three times the emissions intensity in the EU. Needless to say, the 
engine displacement and engine power are stronger than both the Australian and EU’s 
average models. 
Australia and the US have similar fuel types for light vehicles. The petrol-fuelled vehicles 
dominate both the Australian and US automobile markets. However, in Australia, the diesel 
price is lower than the petroleum price, which is similar to the EU. By contrast, the US has 
a higher diesel price. It is unclear why diesel vehicles in Australia are not as popular as in 
Europe. 
4.3.2.3 US carbon emissions reduction targets for cars and light trucks 
The original Corporate Average Fuel Economy (CAFE) standard was set by the US 
Department of Transportation’s Highway Traffic Safety Administration (NHTSA) in the 
1970s. The US Environmental Protection Agency (EPA) announced the CO2 targets that are 
in line with the CAFE target but measured by footprint and CO2, rather than by fuel economy. 
The footprint measurement is similar to the Australian footprint definition. However, the US 
uses square feet instead of square  millimetres. The footprint is the product of the vehicle’s 
wheelbase and the vehicle’s average track width. 
Three separate objectives have been designed for light-duty vehicles for the US; the target 
for passenger cars, the target for light trucks, and the target for the two combined. Each 
manufacturer must meet these three targets simultaneously. 
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Table 4-10. US 2017 and 2020 target in g/mi and g/km (Yang 2014). 
 Model year 
2017 
g/mi 
2017 g/km Model Year 
2020 
g/mi 
2020 g/km 
Passenger cars 212 132 182 113 
Light trucks 295 183 269 167 
Combined 243 151 213 132 
Source: Federal Register/Vol. 77, No. 199/Monday, October 15, 2012/Rules and 
Regulations (Register 2012). 
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Figure 4-8 (a) Standard measured in fuel economy for cars. 
Figure 4-8 (b) Standard measured in fuel economy for light trucks. 
Figure 4-8 (c) Standard measured in carbon dioxide emissions intensity for cars. 
Figure 4-8 (d) Standard measured in carbon dioxide emissions intensity for light trucks. 
4.3.2.4 US Driving Cycle 
The US CAFE standard is based on the FMVSS driving cycle, which is significantly different 
from the driving cycle used in the New European Driving Cycle by Australia and the EU. 
 
Figure 4-9 US Driving Cycle   
Source: Delphi (Delphi 2016). 
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4.3.2.5 Consumer preference comparison 
Australian motorists resemble American rather than European motorist. Australian motorists 
prefer larger, heavier, higher emissions, and more powerful motor vehicles. Within the same 
model, the Australians choose the larger size, with corresponding higher emissions. The 
proportion of SUVs and light commercial vehicles for Australia are very close to that for the 
US. It is most likely that this resemblance will continue over the next decade.  
As for fuel type, most of the light vehicles in Australia are petrol-fuelled. The proportion of 
petrol-fuelled vehicles also dominates the America car market. Diesel-fuelled vehicles are 
20% more efficient than petrol vehicles. That is why Australian and American cars are less 
fuel efficient than European vehicles; this also applies for the gap in carbon emissions 
intensity in different markets.  
 Comparison with Japan market. 
Japan is the largest car-producing country in the world. Nearly 30% of new cars sold in 2015 
were produced in Japan. Toyota, the biggest carmaker in Japan, is the most popular brand 
in Australia. Vehicles made in Japan are more technologically advanced compared to those 
made in other Asian countries. It also stands out in the US and EU markets.  
However, the automobile market in Japan is quite different from the Australian market. For 
example, the most-sold model is the Toyota Aqua (petrol, hybrid-electric). This model is the 
least carbon-intensive among the world’s top-selling models. The carbon emissions intensity 
is only 61 g/km. Vehicle mass is comparatively low, 970 kg, with an engine displacement of 
1.5 L and engine power of 54 kW. Aqua, in fact, is the Japanese name of this model. The 
name for the overseas market is Prius C. In 2015, the Prius C sold over 1,000 units in 
Australia. However, the reported carbon emissions intensity of the same model for the 
Australian market is about 50% higher than that of the same model sold in Japan. This 
difference might be a result of the different testing system adopted by each country. For 
example, under the official JC08 Japanese test cycles the estimated fuel economy is 
between 2.5-2.86 L/km. Under the US EPA testing system, the Prius C rated 4.4L/km – 
4.7L/km. Even though there is a discrepancy between the testing results, the Prius C is 
ranked the most efficient compact car (excluding electric vehicles) by the US EPA. The Prius 
C is also the best-in-class vehicle in the light segment of passenger motor vehicles in 
Australia. 
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 4.3.3.1 Japan’s action to carbon emissions reduction 
Japan probably has the most impressive fuel efficiency standard in the world. In 1999, it 
introduced the Top Runner Method, which requires all car manufacturers on the market to 
catch up with the model that has the highest fuel efficiency performance at specific points in 
time. Before 2007, this policy only applied to vehicles under 2.5 tonnes. In 2007, a similar 
standard was set for vehicles between 2.5-3.5 tonnes while the previous policy is still in 
effect. It has been found that the Top Runner Method has been very effective in achieving 
higher fuel efficiency and reducing carbon dioxide emissions.  
 4.3.3.2 Japan’s testing environment 
 
Figure 4-10. Japan’s driving cycle. 
Source: Japanese JC08 Cycle (see 
https://www.dieselnet.com/standards/cycles/jp_jc08.php). 
Japan’s driving cycle is entirely different from that of western countries. The JC08 driving 
cycle adopted by Japan best simulates the traffic conditions in Japan’s major cities. Instead 
of having an aggressive extra-urban phase in the NEDC, Japan’s driving cycle requires a 
few cycles of low-speed mode to simulate the city traffic conditions. It has both cold and hot 
start. However, the cycles are more irregular than those of other countries. It is said that this 
testing result is closer to real world emissions. It may also explain why the same model’s 
emissions intensity differs in different countries. For example, the Prius C might be more 
fuel-efficient in Japan than in Australia because the fuel savings from hybrid vehicles are 
primarily from the traffic congestion environment, when the mode switches from petrol 
combustion to electric. For countries where traffic congestion is not a serious problem, this 
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feature may not be that impressive. However, the Prius C should not be undervalued 
because traffic congestion is a serious issue in most of the developing countries.     
4.4 Regression Analysis on Emissions and Vehicle Attributes 
Since Australian light vehicles are more carbon emissions intensive compared to those of 
other developed countries, it might be interesting to investigate the relationship between 
Australian vehicle emissions and vehicle attributes at the vehicle level. As is well-explained 
in the limit curve by the EU and the US, CO2 emissions intensity is considered to be positively 
correlated to vehicle mass and vehicle footprint. Put simply, the larger the vehicle is, the 
more likely it is to emit more carbon dioxide. Other vehicle attributes, such as engine size, 
engine power, number of cylinders, transmission, and fuel type may also have an influence 
on the vehicle carbon emissions. For example, many electric vehicles have very low carbon 
dioxide emissions (close to or equal to zero) from the pipeline. In contrast, with a larger 
number of cylinders, the combustion engine may use fuel more efficiently, thus reducing 
CO2 emissions per kilometre travelled. Transmissions also affect the carbon emissions. 
Automotive vehicles emit more carbon dioxide than manual transmissions, ceteris paribus10. 
In this section, I examine aspects of vehicle carbon emissions intensity that bear on the 
vehicle’s engineering attributes.  
Remember that Australia does not have a carbon emissions standard, so this regression 
analysis does not consider climate policies on light vehicles per se, but it does investigate 
engineering factors influencing light vehicle carbon emissions in various channels. To design 
effective standards on carbon emissions, and at the same time to take into account the 
vehicle attributes, it is crucial to be able to predict how different vehicle characteristics impact 
on the carbon emissions intensity at the vehicle level.  
 Data description and the choice of explanatory variables 
The data used encompass three types of light vehicles for Australia in 2015: passenger 
motor vehicles (PVs), sports utility vehicles (SUVs), and light commercial vehicles (LCVs). 
The dataset is provided by the Federal Chamber of Automobile Industry (FCAI) covering all 
new light vehicle models sold in Australia in 2015. 
These data are of significant importance for at least four reasons. First, it is a complete 
population of the vehicle models and variants. There are nearly 4,000 observations, each of 
these being a different variant. These variants belong to around 400 models, and the models 
are made by about 50 automakers. The completeness of this dataset can provide strong 
                                            
10 http://www.consumerreports.org/cro/2012/01/save-gas-and-money-with-a-manual-transmission/index.htm 
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support for the data analysis below. Second, light vehicles fuel use has been differentiated 
between four types: petrol (P), diesel (D), Liquefied Petroleum Gas (L) and electricity (E). 
Third, individual vehicle attributes, including engine size, gross vehicle mass (GVM), tare 
mass (TM), the number of cylinders, type of transmission, engine power, the number of 
doors, the number of gears, and the number of driven wheels. Each observation has been 
categorised into a segment within the three light vehicles classes (PV, SUV, and LCV). 
These thirteen segments are then further disaggregated to 29 submarkets, according to the 
market price. The segments and submarket are shown in the following table. According to 
Schipper et al. (1993), ignoring the vehicle fuel type and kinds of vehicles may cause an 
error in specifying the main dependent variable. In this database, there is no price variable. 
However, the submarket definition is based on price levels. This may provide some 
information on the influence of vehicle prices on emissions intensity. However, this is not a 
major concern here because I am focusing on predicting the carbon emissions intensity by 
the engineering attributes. 
All of the data are derived from an unpublished dataset by FCAI (2015). Carbon emissions 
intensity is measured by g/km. Engine size is measured by millimetres. Tare Weight and 
Gross Vehicle Mass are in kilograms. The number of cylinders, the number of doors, the 
number of gears, the number of driven wheels and number of sales are measured in figures. 
The submarket classification is based on segment and prices (MRRP) are measured in 2015 
Australian dollars. Detailed definitions can be found in the table as follows.  
It is crucial that regression analysis be grounded on the nature of the data describing vehicle 
attributes and their carbon emissions. However, the relationship between emissions 
intensity and vehicle attributes has rarely been investigated in the economic literature. There 
might be some explanatory variables affecting vehicle carbon emissions intensity in addition 
to the vehicle attributes listed above. For example, the origin of the car manufacturer, the 
climate policies on light vehicles in the original country of make, and the technology of 
different automakers all directly influence the carbon emissions intensity of a vehicle. The 
origin of the carmaker is provided in this dataset. 
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Table 4-11. Class, Segment, and Submarket definition. 
Class 
1 Passenger Vehicles 2 Sports Utility Vehicles 3 Light Commercial Vehicles 
Segment Submarket Segment Submarket Segment Submarket 
1 Micro 1 Micro 9 Small 17 SUV Small < 
$40K 
13 
Commercial  
25 light bus 
   
18 SUV Small > 
$40K 
 
26 PU/CC 4x2 
2 Light 2 Light < $25K 10 
Medium 
19 SUV Medium 
< $60K 
 
27 PU/CC 4x4 
 
3 Light > $25K 
 
20 SUV Medium 
> $60K 
 
28 van/cc <2.5t 
3 Small 4 Small < $40K 11 Large 21 SUV Large < 
$70K 
 
29 van/cc >2.5t 
 
5 Small > $40K 
 
22 SUV Large > 
$70K 
  
4 
Medium 
6 Medium < $60K 12 Upper 
Large 
23 SUV Upper 
Large < $100K 
  
 
7 Medium > $60K 
 
24 SUV Upper 
Large > $100K 
  
5 Large  8 Large < $70K 
    
 
9 Large > $70K 
    
6 Upper 
Large 
10 Upper Large < 
$100K 
    
 
11 Upper Large > 
$100K 
    
7 People 
Movers 
12 People Movers 
< $60K 
    
 
13 People Movers 
> $60K 
    
8 Sports 14 Sports < $80K 
    
 
15 Sports > $70K 
    
  16 Sports > $200K 
    
 Initial Evidence 
The significant variation in automobile carbon dioxide emissions intensity between models 
and within models, but across different variants, can be seen from the histogram in Figure 
4.5, which uses the data from the database VFACTS2015 by FCAI. The median 181 g/km 
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is lower than the mean 188 g/km, reflected by a higher density in the bins with 120-150 g/km. 
There are clearly two peaks in the histogram, suggesting there are two or three overlapping 
distributions. 
 
Figure 4-11. The histogram of CO2 intensity of all light vehicles sold in Australia in 2015. 
Before performing a regression analysis, it is useful to investigate pairwise correlations of 
the dependent variables and the key regressor variables. The scatter plot matrix provides a 
direct visual impression of the correlation between each key variable. Carbon emissions 
intensity is positively correlated to the gross vehicle mass and engine capacity. The 
correlation between GVM and engine capacity is not strong. Note that some observations 
have zero GVM and zero engine capacity. This data will be transformed or dropped in the 
following regression analyses.  
 
Figure 4-12. Scatter plots of CO2, GVM and Engine capacity for all models of light vehicles 
in Australia 2015. 
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As can be seen from the scatter plots, some values for GVM are missing as the passenger 
vehicles usually do not report the GVM value. Instead, the smaller cars use the Tare Mass 
value, which does not include the loaded mass. The tare mass is the curb weight, which 
measures the total weight of a vehicle with standard equipment, all necessary operating 
consumables such as motor oil, transmission oil, coolant, air conditioning refrigerant, and a 
full tank of fuel, while not loaded with either passengers or cargo. The smaller the passenger 
vehicle is, the lower its loaded weight. It is also necessary to notice that with the growth of 
the GVM, the difference between the GVM and tare mass increases.  
I first plotted the scatter plot of the GVM and Tare Mass as follows. There are 231 missing 
values for GVM. I then plotted the difference between GVM and tare mass against GVM. As 
can be seen, as the GVM increases, the difference between the loaded and unloaded weight 
increases. I model the difference in weight on the tare mass. 
I then predict the conditional mean of the GVM, replacing the GVM by the predicted value if 
the original GVM value is missing for this model variant. Then I draw the plot of the indented 
GVM (GVMm) against tare mass. 
 
Figure 4-13. Gross vehicle mass and tare mass with the original data. 
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Figure 4-14. Gross vehicle mass and tare mass with predicted gross vehicle mass given the 
original data.  
 Regression Analysis 
The model specification is as follows, 
 𝑒𝑚𝑖𝑖 = 𝛽0 + 𝛽1 𝐺𝑉𝑀𝑖  + 𝛽2𝐸𝑛𝑔𝐶𝑎𝑝𝑖 + 𝛽3𝑇𝑟𝑎𝑛𝑠𝑖 + 𝛽4𝐸𝑛𝑔𝑃𝑤𝑟𝑖 + 𝛾2𝐹𝑇2.𝑖
+ 𝛾3𝐹𝑇3,𝑖 + 𝛾4𝐹𝑇4,𝑖 + 𝛼2𝐶2,𝑖 + 𝛼3𝐶3,𝑖 + 𝜖𝑖 
(4.1) 
All variables are in level form. The estimated coefficients produce the marginal effect of each 
variable on carbon emissions intensity (𝑒𝑚𝑖𝑖), including 𝛽0 as a constant, 𝛽1 for the gross 
vehicle mass (𝐺𝑉𝑀𝑖 ), 𝛽2  for engine capacity (𝐸𝑛𝑔𝐶𝑎𝑝𝑖), 𝛽3  for the type of transmission 
(𝑇𝑟𝑎𝑛𝑠𝑖), engine power (𝐸𝑛𝑔𝑃𝑤𝑟𝑖). 𝐹𝑇2,𝑖, 𝐹𝑇3.𝑖 and 𝐹𝑇4.𝑖 are dummy variables for fuel types 
of diesel, LPG and electricity. 𝐹𝑇1.𝑖 representing petrol-fuelled vehicles is omitted to avoid 
collinearity. The value of 𝐹𝑇𝑘,𝑖 is either 1 or zero, depending on whether the statement of the 
fuel type is true for a specific automobile model. Coefficient 𝛾𝑘 represents the expected 
emissions difference accruing to vehicles fuelled by type 𝑘,  compared to petrol-fuelled 
vehicles when other vehicle attributes are held constant. Similarly, 𝐶2,𝑖 and 𝐶3,𝑖 are dummy 
variables for vehicle class SUVs and light commercial vehicles. 𝐶1,𝑖  , representing the 
subclass of passenger motor vehicles, is omitted to avoid collinearity. Coefficient 𝛼𝑘 
indicates the expected emissions accruing to subclass 𝑘 compared to passenger motor 
vehicles when other attributes of the model are held constant. 
A model for a logarithmic transformed variable is also estimated, and the result is reported 
for comparison as the log transformed model provides the elasticities of each variable. 
The logarithmic model is as follows, 
1
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 ln 𝑒𝑚𝑖𝑖 = 𝛽0 + 𝛽1 ln 𝐺𝑉𝑀𝑖  + 𝛽2 ln 𝐸𝑛𝑔𝐶𝑎𝑝𝑖 + 𝛽3𝑇𝑟𝑎𝑛𝑠𝑖 + 𝛽4𝐸𝑛𝑔𝑃𝑤𝑟𝑖
+ 𝛾2𝐹𝑇2.𝑖 + 𝛾3𝐹𝑇3,𝑖 + 𝛾4𝐹𝑇4,𝑖 + 𝛼2𝐶2,𝑖 + 𝛼3𝐶3,𝑖 + 𝜖𝑖 
(4.2) 
From the histogram of the emissions intensity of all vehicles, there are clearly two peaks. It 
might be useful to model the carbon emissions intensity by vehicle type. However, it is not 
clear if there are two, or more than two, distributions contributing to the totals in the 
histogram. Here, I estimate the same equation by type, passenger motor vehicles, SUVs 
and light commercial vehicles. 
 𝑒𝑚𝑖𝑖,𝑐 = 𝛽0,𝑐 + 𝛽1,𝑐 𝐺𝑉𝑀𝑖,𝑐  + 𝛽2,𝑐𝐸𝑛𝑔𝐶𝑎𝑝𝑖,𝑐 + 𝛽3,𝑐𝑡𝑟𝑎𝑛𝑠𝑖,𝑐 + 𝛽4,𝑐𝐸𝑛𝑔𝑃𝑤𝑟𝑖,𝑐
+ 𝛼1,𝑐𝐹𝑇2.𝑖,𝑐 + 𝛼2,𝑐𝐹𝑇3,𝑖,𝑐 + 𝛼3,𝑐𝐹𝑇4,𝑖,𝑐+𝜖𝑖,𝑐 
 
(4.3) 
Models of logarithmic transformed variables are estimated for each subclass separately. 
 ln 𝑒𝑚𝑖𝑖,𝑐 = 𝛽0,𝑐 + 𝛽1,𝑐 ln 𝐺𝑉𝑀𝑖,𝑐  + 𝛽2,𝑐 ln 𝐸𝑛𝑔𝐶𝑎𝑝𝑖,𝑐 + 𝛽3,𝑐𝑡𝑟𝑎𝑛𝑠𝑖,𝑐
+ 𝛽4,𝑐𝐸𝑛𝑔𝑃𝑤𝑟𝑖,𝑐 + 𝛼1,𝑐𝐹𝑇2.𝑖,𝑐 + 𝛼2,𝑐𝐹𝑇3,𝑖,𝑐 + 𝛼3,𝑐𝐹𝑇4,𝑖,𝑐+𝜖𝑖,𝑐 
 
(4.4) 
 Results 
The first table shows the result of the regression in equation (6). All the coefficients of the 
variables are jointly significant, with an overall 𝐹 statistic of 1,137.15 and p-value of 0.000. 
At the same time, much of the variation in carbon dioxide emissions intensity is explained 
with 𝑅2=0.7516. The root MSE statistic, namely the mean squared error, is 25.3. By using a 
two-sided test at level 0.01, all regressors are, individually, statistically significant because 
p<0.01, aside from trans and EngPwr, which stand for transmission type and engine power.  
With the establishment of the statistical significance of many of the coefficients, the next 
step is to explain the economic importance of the regressors on carbon emissions intensity. 
The beauty of the level-form model is that it gives a straightforward marginal effect on CO2 
emissions intensity. For example, the GVM coefficient is 0.0351, meaning that a 100 kg 
increase in GVM leads to 3.51 g/km growth in carbon intensity. Similarly, around the same 
magnitude of the effect is obtained for engine size. This means that a 100 ml increase in 
engine size is associated with 3.203 g/km rise in carbon dioxide emissions intensity. It can 
be seen that fuel type has a much larger effect on carbon emissions intensity. The omitted 
dummy variable is the petrol-fuelled type. Therefore, the coefficient given by other fuel types 
is directly comparable to the petrol-fuelled vehicles. Switching from petrol to diesel (FT=2) 
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reduces 28.9316 g per kilometre travelled. The reduction becomes more significant when 
switching from petrol to LPG. Finally, the electric vehicle emits 121.5987 less carbon dioxide 
than the petrol cars. This makes sense because most electric vehicles have zero or close 
to zero emissions.   
The transmission coefficient, though insignificant, indicates that automatic transmissions 
emit more carbon dioxide than manual transmissions, holding other variables constant. 
Another dummy variable omitted in the recession is the passenger vehicle dummy. 
Therefore, coefficients of the SUVs (𝐶2 = 1) and LCVs (𝐶3 = 1) can be interpreted as the 
emissions change switching from the passenger motor vehicles. For example, switching 
from a passenger vehicle to an SUV generates 13.7232 g more carbon dioxide per 
kilometre. This figure doubles when switching from a passenger vehicle to a light commercial 
vehicle. 
The number of cylinders has a positive effect on reducing carbon emissions. One more 
cylinder is associated with 4.4343 g/km reduction in carbon emissions intensity. The 
insignificant coefficient of the engine power suggests carbon dioxide emissions may grow 
with the increase in engine power. 
 
 
 
 
 
 
 
 
 
 
 
Table 4-12. Regression Results. The first two columns,(1) and (2) show the results for all 
types of vehicles in level and log forms, respectively. Columns (3), (4) and (5) show the 
results for PV, SUV and LVC respectively in level forms. 
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Model 
All 
(1) 
All 
(2) 
PV 
(3) 
SUV 
(4) 
LCV 
(5) 
Form Level Log Level Level Level 
GVM 0.035 0.31 0.023 0.038 0.061 
 (17.22)** (11.82)** (6.94)** (8.25)** (17.34)** 
EngCap 0.032 0.43 0.03 0.045 0.024 
 (28.01)** (25.46)** (19.18)** (18.33)** (10.45)** 
FT2 -28.932 -0.154 -27.46 -32.414 -40.822 
 (23.34)** (20.76)** (16.94)** (15.11)** (12.39)** 
FT3 -37.239 -0.185 -24.773 
 
-44.678 
 (15.16)** (12.38)** (14.69)** 
 
(9.20)** 
FT3 -121.6 -1.496 -110.34 -157.67 
 
 (15.81)** (9.03)** (33.19)** (71.00)** 
 
Trans 1.367 0.006 -0.964 7.961 5.122 
 -1.26 -1.04 -0.69 (3.23)** (3.09)** 
Cyls -4.434 -0.006 -2.958 -6.145 -5.225 
 (4.49)** -1.34 (2.17)* (3.75)** -1.87 
EngPwr 0.022 0 0.084 -0.18 0.076 
 -1.4 -1.06 (4.77)** (5.75)** -1.27 
C2 13.723 0.09 
   
 (11.10)** (12.55)** 
   
C3 26.957 0.196 
   
 (12.26)** (16.89)** 
   
Constant 46.034 -0.518 61.067 55.483 25.859 
 (13.85)** (2.76)** (10.97)** (8.92)** (2.05)* 
R2 0.75 0.72 0.73 0.72 0.68 
N 3,488 3,486 1,862 934 692 
* p<0.05; 
** p<0.01 
 
t-value. in 
parentheses     
4.5 Status Quo of Electric Vehicles in Australia 
In analysing the carbon emissions intensity of vehicles by fuel type, the zero-emissions 
vehicles have drawn my attention. These vehicles are powered entirely by electricity rather 
than petrol or diesel, which means the carbon emissions from the tailpipe is zero; no 
combustion process of any actual fuel is involved during the motion of the vehicle. However, 
it does not mean that driving an electric vehicle is completely clean because generating 
electricity emits carbon dioxide together with other air pollutants in a conventional fossil fuel-
powered power station. Therefore, it was surprising to discover that the electric vehicles are 
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ranked by the Green Vehicle Guide of Australia as having the best CO2 performance. The 
Green Vehicle Guide11 informs that  
“An environmentally friendly vehicle could be considered to be a vehicle 
with the lowest possible impact on the environment. Regarding 
greenhouse emissions, this is one with lower tailpipe CO2 emissions. To 
help consumers identify the most environmentally friendly vehicle for their 
needs, the Green Vehicle Guide ranks vehicles by tailpipe CO2 
emissions. The highest ranked vehicle will be the vehicle with the lowest 
CO2 emissions.” 
The top CO2 performances listed on the Green Vehicle Guide are electric vehicles, BMW i3, 
Renault Kangoo, Nissan Leaf and Tesla Model S. That is consistent with the Guide’s 
environmentally-friendly criterion, where the lowest tailpipe CO2 emissions are ranked 
highest. This same information is well-presented to consumers in the energy consumption 
labelling enforced by Australia in 2011. Apparently, the Guide and the labelling have already 
influenced people’s thinking on electric vehicles. For example, Ms Sundaraj said she feels 
"less guilty about driving, especially to Melbourne" after she bought an expensive electric 
car in 2015. Like Ms Sundaraj, quite a few politicians believe that electric vehicles will be 
the solution for decarbonising the economy12 . 
However, before the government sets policies to push for electric vehicles (EV), it is 
necessary to understand if EV is as green as it claims. The first question is: How much 
electricity is needed to power an electric vehicle to run in a life-cycle in a business-as-usual 
scenario? The next question is: How many kilograms of carbon dioxide will be emitted from 
generating the electricity used by an EV?  
According to the Green Vehicle Guide, electric vehicles consumes energy in different 
measurements. For example, the Nissan Leaf released in 2012 needs 173 Wh electricity to 
run one kilometre. Using the conversion factor from the National Greenhouse Accounts 
Factors (NGAF), the average life-cycle emissions from Nissan Leaf is 163 g/km. However, 
it should be noted that the electricity factor varies significantly across states and territories 
                                            
11 https://www.greenvehicleguide.gov.au/pages/Help/FAQ#lifecycle, 
 
12 http://johnquiggin.com/2016/11/06/electric-cars-coming-soon-to-a-country-near-you/#more-14228. 
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due to the electricity generation type. For example, Victoria has the highest electricity factor 
1.26, which means generating one kWh emits 1.26 kg CO2. The reason is shown in the 
figure explaining the source of the electricity generation process. As can be seen, most of 
the electricity is produced by brown coal in Victoria. The issue with brown coal is that it 
creates more pollutant and greenhouse gas emissions than other fuels, such as black coal, 
natural gas, and much more than clean, renewable energy13.  
Table 4-13. Electricity and CO2 emissions conversion and an exhale of Nissan Leaf. 
GVG Energy Cons 
Value (Wh/km) 
Convert to gCO2-e/km 
  NSW/ACT VIC QLD SA WA Tas NT Avg 
Electricity Factor 
kg/kWh 
0.96 1.26 0.92 0.7 0.83 0.14 0.77 0.94 
Nissan Leaf 173 
Wh/km 
166 218 159 116 144 24 133 163 
In contrast, Tasmania only emits 0.14 kg CO2 to produce one kWh electricity because the 
majority of the electricity is produced by hydropower. An electric vehicle used in Tasmania 
would be much more beneficial than the same vehicle sold in Melbourne, due to the variation 
in electricity generation. 
 
 
Figure 4-15. Resources used in electricity generation by States and Territories, Australia. 
Source: http://www.energymatters.com.au/energy-efficiency/australian-electricity-statistics/ 
                                            
13 http://environmentvictoria.org.au/index.php?q=content/problem-brown-coal 
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The fuel life-cycle CO2 emissions, taking into account the fuel production, are 163 g/km for 
Nissan Leaf. The fuel life-cycle CO2 emissions for electric vehicles covers two scopes of the 
CO2 emissions. Scope 1 only applies to liquid fuels. Scope 2 only applies to Electricity 
Generation (not liquid or gaseous fuels). For liquid and gaseous transport fuels, Scope 3 
covers extraction, production and transport of those fuels. For electricity generation, Scope 
3 covers extraction, production, and transport of fuel burned at generation14. 
The fleet-average light vehicle emissions intensity for 2016 is 184 g/km. The Nissan Leaf is 
in the “small” segment of the passenger vehicles class, where the average carbon dioxide 
emissions intensity is 153 g/km (NTC, Carbon dioxide emissions intensity for new Australian 
light vehicles, 2015). This means that EV emits more carbon dioxide than non-EVs. 
Before discussing the political feasibility for a shift to electric vehicles in Australia, it might 
be wiser to clean up the dirty power stations and find cleaner ways to generate electricity. 
Otherwise, a stronger increase in electricity demand from promoting electric vehicles is 
certainly going to backfire.   
 
 
Figure 4-16. Energy consumption label for Tesla Model S. 
4.6 Conclusion 
This chapter gives an overview on the new light vehicle status quo in Australia. It provides 
strong evidence that carbon emissions intensity is influenced by engineering characteristics 
of motor vehicles. When GVM and engine capacity is high, CO2 emissions are most likely 
to be high, ceteris paribus. This effect is more pronounced with larger vehicle sizes. Other 
technical features, such as transmissions, the number of cylinders, and the fuel type, all 
have a substantial effect on carbon dioxide emissions intensity on different directions. 
                                            
14 http://www.environment.gov.au/system/files/resources/3ef30d52-d447-4911-b85c-1ad53e55dc39/files/national-
greenhouse-accounts-factors-august-2015.pdf 
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Larger vehicle GVM is likely to form part of the carbon emissions intensity response. This 
may imply that policy aiming at reducing CO2 emissions should focus on reducing the 
average GVM of the new vehicle fleet. The results presented in the regression analysis 
section suggest that, for the passenger motor vehicle class, carbon emissions intensity 
increases by 2.1 g/km per hundred kilograms of increase in vehicle mass. The same amount 
of increase in SUV class leads to a larger carbon intensity growth, by 3.8 g/km. The marginal 
effect of GVM on CO2 emissions is gigantic in the light commercial vehicles class, which is 
6.1 g/km, followed by an increase of 100 kg in vehicle mass. The expansion of engine power 
and engine size has a similar impact on the carbon intensity.  
Switching from manual to automatic transmissions induces more carbon emissions, 
assuming other variables are the same. Carbon emissions may be reduced if policies 
promote manual transmissions instead of automatic transmissions. It may not be easy to 
achieve the transition from automatic to manual transmission because Australian 
consumers prefer automatic to manual transmissions variants for geographical and 
demographic circumstances that are hard to change in the short run. The number of 
cylinders, though not statistically significant across the vehicle classes, influences the 
carbon emissions intensity. The results show that more cylinders lead to carbon emissions 
reduction.  
Profound emissions intensity abatement might be achieved by switching the petrol variant 
to another fuel type variant within the same model. Diesel, LPG, and electric variants all are 
better CO2 performers than petrol vehicles, where tailpipe emissions are concerned. 
However, great caution has to be taken when discussing the life-cycle emissions from 
electric vehicles (see the previous section) because the current conventional coal-powered 
electricity generation emits more or less the same CO2 emissions for an average passenger 
vehicle being used for a life-cycle in a business-as-usual scenario (14,000 km per year for 
20 years). 
By quantifying the role of vehicle engineering characteristics on carbon emissions intensity, 
I have shown how key features that consumers select when choosing a new motor vehicle 
contribute to carbon emissions intensity. While switching to manual or another type of fuel 
variants of the same model would obviously abate carbon emissions intensity, it may be 
difficult or even impossible to achieve, depending on the preference of individuals. 
Policymakers may consider a vehicle-size based approach in reducing CO2 emissions, 
given that the marginal effect of vehicle mass on carbon intensity is significant and may be 
relatively easy to regulate. Understanding the factors that control a light vehicle’s carbon 
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emissions intensity will be important in identifying the impacts of policies aimed at influencing 
carbon emission from Australian light vehicles.  
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Chapter 5 Forecasting the Carbon Emissions Intensity of Light Vehicles 
of Australia  
In the previous chapter, I gave an overview of the Australian automobile market, compared 
the Australian market to other markets and analysed the relationship between carbon 
emissions intensity of a motor vehicle and its attributes. These analyses provide essential 
background for the forecast on vehicle carbon intensity and fuel efficiency in this chapter.  
In this chapter, I develop a method to forecast the carbon intensity of the Australian light 
vehicle fleet under a business-as-usual (BAU) and different policy scenarios. It can be found 
that the carbon intensity of the entire fleet, by age, is a share-weighted sum of the vehicle 
fleet of each age, which is the difference of the current year and the make year of the car. 
Intuitively, a policy such as a fuel efficiency standard that forces new vehicles to be only 
more fuel efficient will ensure that it will take a long time for the entire fleet to become more 
efficient. Furthermore, the fuel efficiency change in cars made in a given year depends on 
vehicle attributes, such as gross vehicle mass and transmission. These preference changes 
on vehicle attributes may, on the other hand, offset the technological change in fuel 
efficiency.    
5.1 Introduction 
This chapter introduces another important aspect of the CO2 emissions from the private road 
transport sector. In addition to new light vehicles, which have been discussed in the previous 
chapter, the use of vintage vehicles has also contributed to carbon emissions. 
Understanding both the new and vintage vehicle fleet provides motivation for the effort in 
this thesis on climate and energy policy for light vehicles in Australia. This chapter integrates 
different modelling approaches to offer a comprehensive and accountable forecast for the 
average light vehicle carbon emissions intensity in different scenarios for Australia in 2020. 
The outcome of this chapter is a crucial input for the subsequent chapters that compare the 
policy scenario with the reference scenario proposed by this chapter. 
The target of this chapter is to forecast the BAU carbon emissions intensity level for the 2020 
vehicle fleet overall, taking into account both the dynamic changes in new vehicles and 
vintage vehicle stocks. The previous chapter discussed the fleet-average carbon intensity 
of new vehicles and its progress over time. However, the number of registered new vehicles 
is only a fraction of the total registered vehicles (MVC, 2016). Over 80% of the vehicles on 
road were not produced in the current year. Therefore, how many vintage vehicles are being 
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used, how many kilometres are travelled by the vintage stock and the length of the vehicle’s 
lifespan are questions of interests in this chapter.   
The turnover rate of the vehicle fleet is the first problem to solve in this chapter. I used the 
survival curve to model the individual vehicle’s probability of being scrapped conditional on 
the vehicle’s age. 
The compositional change of vehicle type is the second problem to be solved. This change 
can be seen as a consumer preference change over time. Sales of passenger motor 
vehicles (PVs), sports utility vehicles (SUVs) and light commercial vehicles (LCVs) grow 
disproportionally over time, with SUVs growing most sharply overtime.  
The light vehicle carbon emissions intensity at the entire fleet level is the last objective to 
model. Based on the outcomes of the analyses on each car type, the carbon emissions 
intensity for each type of vehicle shows a different rate of technological improvement in 
carbon intensity reduction. Together with the changes in sales, and number being used 
(determined by the scrappage age conditional on vehicle age), the BAU light vehicle 
emissions intensity can be forecast with accountability. 
These approaches are data-driven based. However, it should be noted that the improvement 
in light vehicle carbon emissions intensity could be affected by the spillover effect of the 
technology and the climate policies of other countries. I do not explicitly discuss how the 
economic mechanism of these factors influencing the Australian fleet. Instead, I use the time 
series econometric method to address the vehicle attributes and sales changes over time, 
taking into account all predictable possibilities. Errors of the model are provided for this 
reason. 
5.2 Fleet Model Overview 
The fleet model developed in this study utilises an accounting approach in spreadsheets 
based on data from the ABS and Bureau of Infrastructure, Transport and Regional 
Economics (BITRE) to forecast the composition of the Australian light vehicle fleet in 2020, 
as well as its fuel efficiency levels. New vehicle sales, scrappage rate, distance travelled 
and fuel consumption are the data inputs for the forecast on the compositional change in 
vehicle fleet. 
 New Motor Vehicle Sales 
The fleet model adapts monthly new motor vehicle sales data from model years 1994 to 
2016, obtained from the ABS’s report on Sales of New Motor Vehicles, Australia for three 
vehicle types. The three vehicle types are passenger vehicles, sports utility vehicles and 
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other vehicles. Light commercial vehicles are not directly reported by the ABS and therefore 
in this study, light commercial vehicle sales are approximated by a fixed proportion of the 
other vehicles, including light commercial vehicles, buses and trucks. Data on vehicle sales 
before 1994 are not publicly available and are not necessary for the rest of the study.  
 Scrappage Rate 
I provide an exponential survival function to approximate the rates to which each light vehicle 
type has survived, assuming a constant lifetime of vehicles. An equivalent way of estimating 
the existing vehicles at a given age is to estimate the scrappage rate at which light vehicles 
are no longer used in the vehicle fleet (Bandivadekar 2008). I construct an exponential curve 
for vehicle survival with the following form: 
 𝑟(𝑡) = 𝛽𝑡  (5.1) 
where 𝑟(𝑡) is the survival rate of the vehicle at age 𝑡, 𝑡 is vehicle age (difference between 
calendar year and 𝛽 is the model parameter that measures the proportion of vehicles that 
survive; a fitted value of 0.985 for passenger cars and SUVs and 0.990 for light commercial 
vehicles. Assume that all vehicles above the age of 24 are entirely scrapped. 
This fleet model provides a detailed profile of the total fleet characterisation by calendar 
year, in terms of the composition of vehicle type, vehicle age and model year. Suppose the 
current year is 𝑛. The product of the new vehicle sales in year 𝑚 and the survival rate for 
the relevant age 𝑟(𝑚 − 𝑛) is the existing number of cars in the fleet at year 𝑛 made in year 
𝑚. 
 Distance Travelled 
The BITRE reports average annual road vehicle-kilometres travelled in its Road vehicle-
kilometres travelled: estimation from state and territory fuel sales. This report does not 
provide the distance travelled by vehicle age; therefore, in the fleet model, I assume that all 
cars travel the same distance in a given year. 
 Fuel Consumption 
The ABS provides data on fuel consumption and average rate of fuel consumption (fuel 
economy) for all vehicle types and by fuel type, for the period between 1976 and 2016, in 
the Survey of Motor Vehicle Use, Australia. I use the fleet model to calculate the total fuel 
consumption by combining the data on distance travelled and the average rate of fuel 
consumption. In the validation section, I will compare how this model matches the historical 
data on fuel consumption for the fleet. 
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 Sales Growth Assumptions 
The aim of the fleet model is to forecast the fleet’s average rate of fuel consumption into the 
future, in order to feed into the CGE model in the subsequent chapter to make an informed 
analysis on the impacts of policy such as a fuel efficiency standard. To achieve the target of 
forecasting the average rate of fuel consumption of the entire fleet, the fleet model has to 
make some assumptions on new vehicle sales and new car fuel efficiency. While there are 
few estimates to the author’s knowledge on sales of new vehicles, the author uses a Vector 
Auto-regressive (VAR) model to project new car sales in the future.  
Annual growth in vehicle-kilometres travelled per vehicle is assumed to be zero as there is 
no strong evidence showing the distance travelled per vehicle increases over time. Annual 
fuel economy for passenger vehicles grows at 2% per year to 2025, for SUVs it grows at 
1.5% to 2025 and for light commercial vehicles it grows at 1% to 2025. Overall, annual new 
vehicle sales grow at 25% from 2015 to 2025. In this decade, from 2015 to 2025, new 
passenger vehicle sales grow by 1%, SUV sales grow by 54% and light commercial vehicle 
sales grow by 38% to 2020. 
  
   
 
Figure 5-1. New light vehicle sales by type, passenger vehicles (PV), SUVs (SUV) and 
light commercial vehicles (LCV), from 1991 through 2016, with projections through 2020. 
 Fleet Model Validation 
It is crucial to validate the outcomes of the fleet model to make reasonable comparisons 
between different scenarios. Using the fleet model, I calculate the historical data on the 
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average age of vehicles as a way to validate the model’s outputs. The average age of 
passenger vehicles, SUVs and light commercial vehicles in 2016 is 11.2, 7.7 and 9.8, 
respectively, from the results of the fleet model. The Motor Vehicle Census published by the 
ABS shows that the average age for all vehicles is 10.1 years. For passenger vehicles, which 
include SUVs in the Census, the average age is 9.8 years and the average age of light 
commercial vehicles is 10.5 years. Compared to the results of the Motor Vehicle Census, 
the output of the fleet model is considerably close to reality. 
5.3 Shifts in Vehicle Type 
Many policies around the world, including Australia’s, have focused on the effect of fuel 
efficiency technologies on fuel use, whereas little attention has been paid to the effect of 
vehicle type shifts on fleet fuel use. In fact, the Australian proposed light vehicle emissions 
standard is unlikely to encourage the sales of a vehicle type that is more fuel-efficient than 
other types. Next I will discuss the emergence and growth of SUVs during the past three 
decades and examine how changes in the market share of vehicle types, together with 
technology improvement, affect the fuel efficiency of the entire fleet in Australia. 
 Historical Evidence of Vehicle Types Shifts 
Between the late 19th century and early 20th century, Australia was a leader in early stage 
car invention in the world. As it is isolated from the other continents, Australia made its own 
cars to meet its own needs for a long time. In 1896, the first car made in Australia was 
powered by steam, and had one cylinder and pneumatic tyres (Australian Science and 
Technology Heritage Centre 2000). A year later in 1897, a petrol-fuelled car was invented 
in Australia, followed by many improvements in body design. It was not until the 1920s, when 
Henry Ford developed the volume production of automobiles, specifically the Model T, did 
the road transport sector begin to revolutionise.  
In 1917, Australia imported a large number of vehicles from the US and Europe. Of the 
15,000 cars imported to the country, two-thirds were Model T Fords, and the rest were 
dominated by Dodges and Buicks. The overseas carmakers also set up dealer-assemblers 
production processes, which enabled some parts of the vehicles to be imported from 
overseas then assembled in Australia. 
The Australian-owned carmaker, Holden, was originally doing business on leatherwork and 
car bodies before it was bought by GM in 1931. The first Australian-owned car, the FX, was 
produced by Holden in 1948. During the mid-20th century, half of the market share was 
dominated by Holden. 
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As Australians prefer large cars to suit their rough roads, both Holden and Ford developed 
models for the need for large 6-cylinder cars and station wagons.   
Australians’ love affair with large cars has a long history. The first ute, or pickup, was 
designed by Ford in response to a call from a Gippsland farmer, who wanted a car that could 
take his wife to the church on Sunday yet carry pigs to the market on Monday. Nowadays, 
the pickups are not only popular in Australia, but a racing series has also developed around 
them. 
Engine power has been continuously increasing in the Australia light vehicle market over 
time. Australian automobile manufacturers shifted engine options from four to six cylinders 
in the 1960s and to eight-cylinder engines into the 2000s. 
During the 1970s, light commercial vehicle (LCV) and SUV sales increased to dominate a 
relatively significant portion of the Australian market, from 20% to 30% in 1976 to 2002 (see 
Figure 5-2). The growth of SUV and LCV sales grew more strongly from 2000 to the present, 
surpassing the sales of passenger motor vehicles in 2014.     
  
Figure 5-2. Changes in the light vehicle market share of cars (PMV) and SUVs & light 
commercial vehicles (SUV & LCV) in Australia. 
The 1970s marked an important milestone for the Australian automobile industry, with the 
implementation of environmental policies. For example, Australia introduced an emissions 
standard, ADR26, to control carbon monoxide emissions in 1972. In 1974, hydrocarbon 
emissions were included in the regulation.  
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 Shifts towards SUVs 
Over the past four decades, one of the most remarkable changes in the Australian light 
vehicle market is the shift away from passenger vehicles. In 1976, 80% of the new light 
vehicles sales were conventional passenger vehicles, or cars. Their share of sales 
fluctuated between 73% and 83% over the next 20 years. Between 1980 and 1990, the 
emergence of two new vehicle types began to replace sales of passenger vehicles. Before 
2000, light commercial vehicles gained more popularity than SUVs since the 1980s, 
growing as a segment with the help of the first ute, introduced by Ford in the 1930s. The 
share of light commercial vehicles was about 13% in 1988 and has constantly been 
growing over the past years to around 18% in 2014. Though only five% of annual sales in 
1988, the SUV segment grew to 15% in 2001, the same year in which it overtook the light 
commercial vehicle sector. SUV sales have been strongly growing since the 2000s, 
reaching one-third of the total light vehicles sales in Australia in 2014.  
SUVs and light commercial vehicles are superior to traditional cars, in that they offer 
consumers extra space inside the vehicle and more utility. Sharing similar foundations with 
pickup trucks, the cost of SUVs are relatively affordable, and the multiple levels of utility 
and equipment easily entice consumers to shift away from conventional car types. Since 
SUVs are relatively easy to build and sell, almost all automakers introduced their SUV 
models during the 2000s. The SUVs share recently overtook passenger vehicles in 
February 2017, reaching 35,497 units per month.      
  
Figure 5-3.Market shares of new vehicle sales by vehicle type: passenger vehicles, SUVs 
and light commercial vehicles from 1988 to 2014. 
The market share of traditional cars, namely passenger motor vehicles, has seen a constant 
drop since 1997, and has decreased to 40% in 2014. This transition in vehicle type may not 
be short term but could show a significant shift even into the long term. Between 1988 and 
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2014, the market share of passenger motor vehicles fell by more than 50%. This remarkable 
transition could be a result of many factors, such as economic growth, preference change, 
technological improvement and government policy. Next, I will discuss how this shift, 
combined with fuel economy improvement, affects the fuel economy at the fleet level.    
5.4 Assessing the Fuel Economy Change in Different Scenarios 
In this section, I will assess the fuel economy level of the entire light vehicle fleet for Australia 
in 2025 for different scenarios. First, I consider a business-as-usual (BAU) scenario in the 
automobile industry, where no policy intervention is involved. In this scenario, the shifts 
towards SUVs and improvements in fuel efficiency in all vehicles continue. The next three 
scenarios depict different levels of the CO2 emissions standards for light vehicles, from 
lenient to medium, and to strong. Among all the policy scenarios, preferences on the vehicle 
type change the way the same as the BAU scenario. However, the degree of fuel efficiency 
improvement increases from lenient to stringent standards.  
Combined with the fleet model described in the previous section in this chapter, I calculate 
for each type the number of survived vehicles made in each year in 2025. Given the 
assumed fuel efficiency improvement levels, I calculate the fuel economy at the fleet level 
for Australia in 2025 in each scenario. 
 Business-as-usual Scenario 
 
 
Figure 5-4. Historical and Forecasted new light vehicle sales for each vehicle type. 
Historical data from 1988 to 2014, forecasted data from 2015 to 2025. 
 
0
100000
200000
300000
400000
500000
600000
700000
1988 1990 1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020 2022 2024
PV SUV LCV PV_F SUV_F LCV_F
 174 
In the BAU scenario, sales of new passenger vehicles between 2015 and 2025are assumed 
to be stabilised at around 57,000 units. Sales of new SUVs grow most strongly in this period 
from 38,000 to 58,000. Similarly, sales of new of new light commercial vehicles are assumed 
to increase from around 20,000 to 30,000 in this decade.  
In the fleet model, which assumes that all cars are subject to a survival rate depending on 
the age of the vehicle in a given year, the profile of each car type and each year made could 
be shown in the following figures. One of the assumptions on the survival curve is that 
vehicles above the age of 24 will be scrapped. In each of these figures, the blue line 
represents the sales of new vehicles in the corresponding vehicle type in each year from 
1988 to 2025. Data shown in the figure before 2014 are historical data, whereas between 
2015 and 2025, projected data are obtained by a VAR model. The orange line represents 
the number of vehicle surviving in the model year 2025 given the age of the vehicle, or the 
make year of the vehicle. For example, a car made in 1988 would be of age 37 in 2025, 
therefore none would exist, and I assume any car above age 24 would have been scrapped. 
The gap between the blue and orange line gradually narrows as the make year approaches 
the model year 2025, and the chance of survival is higher. For cars made in 2025, the 
survival rate is 100%; therefore, the two lines meet at year 2025.  
In the BAU scenario, the automated fuel efficiency improvements for new passenger 
vehicles is 3% per annum from 2015 to 2025, 2% per annum for new SUVs and 2% per 
annum for new light commercial vehicles during this period. This assumption is consistent 
with the research done by CCA (2014). I also assume that the fuel efficiency level of a 
vehicle remains the same as that of the year it is made even when the age of the vehicle 
changes.  
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Figure 5-5. A comparison of the number of sales of new passenger vehicles from 1988 to 
2025 and the number of survived vehicles by each make year in year 2025. 
 
Figure 5-6. A comparison of the number of sales of new SUVs from 1988 to 2025 and the 
number of survived vehicles by each make year in year 2025 
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Figure 5-7. A comparison of the number of sales of new light commercial vehicles from 1988 
to 2025 and the number of survived vehicles by each make year in year 2025 
 
Figure 5-8. Share of the new light vehicle market, by type from 2008 to 2025. Data from 
2015-2025 are forecast. 
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Figure 5-9. New light vehicle carbon emissions intensity by type. Data from 2015-2025 are 
forecast. 
 
Figure 5-10. New vehicle carbon emissions (g/km) for all light vehicles from 2001 to 2025. 
Data from 2015 to 2025 are forecast. 
As addressed before, both the consumer preference change over vehicle type and the 
automated fuel efficiency improvement may affect the new vehicle fuel efficiency at the fleet 
level. Figure 5-8 shows that the share of the SUVs increases over time, which would negate 
some of the gains from the automated fuel efficiency improvement, which is shown in Figure 
5-9. Although carbon emissions decrease constantly by between 2-3% annually for each 
individual type of vehicle, , the overall new light vehicle carbon emissions decrease by about 
1% annually from 2015 to 2025, as shown in Figure 5-10. Next, I will show how the change 
in new car fuel efficiency could affect the change in the overall light vehicle fleet. 
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For the entire light vehicle fleet, the fuel efficiency level depends on all vehicles, new and 
vintage stocks. For simplicity, I assume that fuel economy does not deteriorate over time for 
a vehicle produced in a given year, which means that no matter what the age of the vehicle 
is, the fuel efficiency is as good as the year it was made. Therefore, in model year 2025, the 
overall light vehicle fuel efficiency depends on all the fuel efficiency of the existing vehicles 
made in each previous year. 
By this systematic calculation, the fleet-average fuel efficiency for the entire light vehicle 
fleet in Australian in model year 2025 is 8.3 L/100 km, equivalent to 192 g/km CO2, which is 
about the same level of the new vehicle fuel efficiency for light vehicles made in year 2012. 
 Policy Scenario A - Lenient Standard 
In the policy scenario, I assume that the policy directly affects the fuel efficiency of 
improvement in each vehicle type, and has no direct effect on the preference of the vehicle 
type. In other words, under the policy scenario, consumers would still prefer to buy the 
vehicle of their desired type as if no policy was imposed; however, they will choose the 
variant within the model that delivers better fuel economy that meets the policy standard.  
For the lenient target specified by the CCA, the fuel efficiency for new light vehicles has to 
be 6 L/100 km, equivalent to 135 g/km in 2025. From 2015 to 2025, the average annual 
reduction in carbon emissions would be 2.7%. For passenger vehicles, the annual reduction 
in carbon emissions has to be 3.2%, whereas SUVs and light commercial vehicles have to 
reach 2.6%. 
Since consumers could choose the variant within the same model to achieve higher 
efficiency facing a standard, they do not necessarily need to pay more for this change. For 
example, a manual transmission variant is usually more fuel-efficient than an automatic 
transmission variant, yet the latter costs more than the former. Therefore, I assume that the 
policy does not impose extra costs on the consumers as the consumers could find 
alternatives with the same price in these highly competitive automobile markets. 
In the lenient policy scenario, consumers could save about 1 L/100 km compared to the BAU 
scenario. Assuming that the distance travelled remains the same, around 13,000 km per 
year under the policy scenarios as the BAU scenario, a consumer who purchases a new 
light vehicle that meets the lenient standard in the model year 2025would save about $150 
at the 2015 petrol price level ($1.30/L) on average, compared to 2025 BAU. The total fuel 
savings resulting from the target would be about $4,000 for a 25-year life span for this vehicle 
compared to BAU at the 2015 fuel price levels. 
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At the entire fleet level, this policy could reduce the average carbon emissions intensity to 
180 g/km, compared to 192 g/km for the BAU scenario for the model year 2025. The 
improvement in fuel efficiency is only about 6%, as the turnover time of the fleet is around 
25 years.  
 Policy Scenario B - Medium Standard 
In the medium policy scenario, according to the CCA, the target for new light vehicles will 
be strengthened to 119 g/km, or 5 L/100km, which is 24% lower than the new light vehicle 
fuel efficiency level under BAU in 2025. To meet this medium target, the fuel efficiency level 
of a passenger vehicle has to improve by 4% per annum on average, SUVs by 3% per 
annum and 3% per annum for the light commercial vehicle. 
Similar assumptions apply to this policy scenario with medium standard. First, this policy 
does not alter the consumer preference over vehicle type. Second, as the automobile market 
is highly competitive, consumers could find an alternative vehicle that meets the standard 
without spending more money on their purchase.       
From the consumer’s perspective, they could reduce carbon emissions by 15 g per kilometre 
travelled in 2025. This reduction in carbon emissions is equivalent to savings up to $370 per 
year at the 2015 petrol price with the same travelling distance at 2015 compared to 2025 
BAU. If the vehicle life is 25 years, the total fuel savings would be around$7,000 at 2015 fuel 
price levels. 
For the entire fleet across type and ages, the fleet-average fuel economy will reach about 7 
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 Policy Scenario C - Strong Standard 
In the strong standard policy scenario, the light vehicle carbon emissions target for 2025 is 
105 g/km, or 4.4 L/100 km. As shown in Figure 5-11, this most stringent standard is closest 
to the US and EU’s vehicle emissions standards. For the US, the 2025 target for light 
vehicles is 107 g/km, or 4.5 L/100 km. As for the EU, the standard which applies to 
passenger vehicles and SUVs is 73 g/km or 3.1 L/100km and 100 g/km, or 4.2 L/100km for 
vans (light commercial vehicles). The 2025 target for the Australian light vehicle fleet will 
reduce carbon emissions from new cars sold in the model year by 33%, holding other 
variables constant.  
To reach the target for new light vehicles for 2025, fuel efficiency for new passenger vehicles 
has to improve by 4.5% per annum from 2015 to 2025, and SUVs and light commercial 
vehicles 3.5% per annum in the same period.   
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Figure 5-11. A comparison of the new light vehicle carbon emissions intensity for the EU, 
US, and Australia in BAU and different policy scenarios. 
For consumers who purchase a new light vehicle that meets the strong standard in 2025, 
the reduction in carbon emissions per kilometre travelled would be 51 grams, equivalent to 
fuel savings of about 2 L/100 km. This efficiency improvement would result in a total fuel 
savings of nearly $400 annually, compared to the 2025 BAU level at the 2015 fuel price. 
Without discounting future values, the life-cycle fuel savings would amount to about $9,000 
dollars at 2015 fuel price levels at the strong standard. 
At the fleet level across vehicle type and age, the most stringent policy standard would 
deliver an estimated average fuel efficiency of 6.8 L/100 km, equivalent to carbon emissions 
of 157 g/km, which is 18% lower than the BAU scenario. 
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Figure 5-12. A comparison of the carbon emissions intensity of the entire light vehicle fleet 
at model year 2025 under BAU and policy scenarios. 
 
Figure 5-13. Summary of new light vehicle carbon emissions intensity (g/km) and fleet-wide 
light vehicle carbon emissions intensity for model year 2025 under different scenarios. 
5.5 Conclusion 
There have been important and constant changes in automobiles over the last century in 
Australia due to technological improvement, consumer preference shifts and awareness of 
environmental protection. It is likely that motor vehicles will experience more change in the 
next few decades, reflecting technology development and an increasing focus on controlling 
their negative externalities on the environment and the global climate. Understanding how 
these factors affect fleet-level fuel efficiency of Australian light vehicles is the goal of this 
chapter. 
This chapter explored this issue from two  light vehicles perspectives. First, I examined the 
shifts in the preference of vehicle type over time and forecast the trend in new light vehicle 
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sales. As larger light vehicles, such as SUVs and light commercial vehicles become more 
favourable to consumers, this trend could negatively affect the overall fleet-level fuel 
economy performance if other conditions are the same. Second, I described several 
scenarios, including one BAU and three policy scenarios, to illustrate how automated 
technological improvement could change the fuel economy of new light vehicles. For the 
policy scenarios, I proposed a method to model how light vehicle emissions standards could 
affect the fuel efficiency at the new vehicle fleet level as well as at the entire fleet level. 
These two perspectives of light vehicles work in opposite directions on fuel economy. Taking 
into account both these changes, I reported the estimated fuel efficiency for these scenarios. 
In the 2025 BAU scenario, the new light vehicle fleet carbon emissions intensity is 156 g/km 
and the overall light vehicle fleet carbon emissions intensity is 182 g/km. In the three policy 
scenarios, the strong policy scenario shows the largest reduction in carbon emissions 
intensity, which is 105 g/km for new vehicle fleet and 157 g/km for the entire vehicle fleet. 
Though the strong policy new fleet emit 33% less carbon dioxide than the BAU carbon 
intensity, the entire carbon intensity is only 14% less than the BAU result. This difference is 
due to the fact that the vehicle turnover time is relatively long, at about 25 years. Therefore, 
a policy focused solely on new vehicles would take a long period to fully exhibit its effect. 
This study combines accounting-based fleet model and a time-series econometric 
regression model to provide reliable results regarding the fuel efficiency improvement at the 
fleet level. These results include a detailed characterisation of the delay of the entire vehicle 
fleet fuel efficiency affected by improved new vehicle fuel efficiency. With the forecasts on 
vehicle types in an econometric model, this approach enhances the scopes of previous 
engineering studies on fleet-wide impacts purely based on an accounting-based fleet model 
(Perlman 2015). My approach focusing on an implicit bottom-up estimate allows more 
factors, such as consumer preference and technology improvement, to be considered when 
forecasting the fleet-wide fuel economy. Moreover, this methodology is more robust, capable 
and flexible in that it provides accountable projections of the fuel economy in scenario 
comparisons.  
In the next chapter, I will use the results of scenario analysis from this chapter as inputs to 
CGE simulations. CGE models serve as an effective tool in examining the macroeconomic 
effects of a policy in one sector, such as a light vehicle fuel efficiency standard, or 
equivalently speaking, a light vehicle emissions standard. The next chapter will also provide 
insights into how the fuel efficiency improvement from one sector could affect the fuel use 
and carbon emissions in the entire economy. These indirect impacts, defined previously as 
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the rebound effect, are of equal importance when considering the effectiveness of a climate 
policy. 
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Chapter 6 Modelling the Australian Proposed Light Vehicle Emissions 
Standards in a CGE Framework 
The previous chapter illustrated the extent to which the autonomous fuel efficiency 
improvement, along with the market shares of light vehicle types, could affect the fuel 
economy of the entire fleet in Australia over (roughly) a decade’s time, under several 
plausible scenarios. This chapter will build upon the results obtained from the previous 
chapter by simulating these scenarios for the evolution of the Australian light vehicle market 
through to 2025 in a computable general equilibrium (CGE) environment. The CGE 
modelling technique can help to identify the direct, indirect and economy-wide rebound 
effect for each scenario. Each scenario assumes similar projections for macroeconomic 
growth, population growth and consumer preferences, but different technological 
improvements in fuel economy, as shown in the findings in the detailed fleet model in the 
previous chapter.  
In the following sections, I will first discuss the justification for choosing a CGE approach to 
examine the rebound effect of a fuel efficiency change. Next, I will illustrate the theoretical 
framework of ORANI-G, a single-country CGE model for the Australian economy. Finally, 
the results of the CGE simulations conducted for each scenario will be presented. This 
chapter will conclude with a discussion of the light vehicle emissions standards that can be 
implemented to contribute to the scenario that is most desirable given the rebound effect 
results.  
6.1 Introduction 
Knowledge of the computable general equilibrium (CGE) modelling approach is essential 
for understanding the rebound effect of energy efficiency policies. The direct rebound effect 
results from an increase in energy services or goods, after an improvement in the energy 
efficiency in producing these services or goods (Sorrell & Dimitropoulos 2008). The 
economy-wide rebound effect, however, results from an increase in all goods and services 
after an improvement in energy efficiency in producing a single energy service or good. 
While a partial equilibrium technique could be exploited to estimate the direct rebound effect, 
it provides limited insight into the economy-wide adjustments of an energy efficiency 
improvement. CGE models, however, are capable of capturing the adjustment changes in 
prices, consumption and production that are led by the energy efficiency improvement. In 
fact, CGE models are widely used in the exploration of impacts of energy and environmental 
policy on energy consumption, CO2 emissions, and economic welfare at a regional, national 
or global level (Adams, Dixon & Horridge 2015; McDougall & Golub 2007; Paltsev et al. 
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2005). However, investigation into the rebound effect in the CGE area is limited, and the 
results of these attempts are inconclusive. 
Although some research has been carried out on the economy-wide rebound effect in the 
CGE area, there is still very little distinction between the rebound effects from different 
economic agents. So far, most studies have investigated energy efficiency improvement on 
the industrial level. For example, Hanley et al. (2009) imposed a 5 per cent improvement in 
the efficiency of energy use across all industrial sectors and found a rebound of over 100 
per cent in a dynamic CGE model of the Scottish economy. Koesler, Swales and Turner 
(2016) studied a costless 10 per cent increase in energy efficiency in all eight production 
sectors and showed an economy-wide rebound effect of around 50 per cent in the German 
economy.  
Surprisingly, the rebound effects of energy efficiency improvements at the household level 
have not been closely examined. In addition, the economy-wide rebound effect of a specific 
energy efficiency policy has not been investigated by CGE modellers and rebound 
researchers. The goal of this work, therefore, is to study the rebound effects of a specific 
energy efficiency policy at the household and industrial levels. The policy of interests in this 
chapter is the Australian proposed light vehicle efficiency standards (CCA 2014a). The 
proposed light vehicle emissions standards have two aims: 1) reducing automotive fuel use 
and 2) reducing greenhouse gas emissions. Therefore, I incorporate a satellite account of 
the embodied CO2 emissions of the life-cycle assessment to provide a rebound effect 
measured in the unit of CO2-equivalent. 
I use the ORANI-G, a disaggregated CGE model for the Australian economy to examine the 
economy-wide rebound effect of the mandatory standards on light vehicle sales. The 
baseline equilibrium is obtained from the 2012-2013 input-output table published by the 
Australian Bureau of Statistics (ABS 2015a). To evaluate the proposed mandatory 
standards, I first design the benchmark, or the business-as-usual scenario, for 2025. In the 
benchmark, fuel efficiency improves exogenously without policy intervention. This 
improvement in fuel efficiency is estimated in the previous chapter, where I take a time series 
analysis approach and consider the consumer preference on the vehicle compositional 
change. I then conduct a policy simulation, in which the fuel efficiency target is obtained 
from CCA's report (2014a). With regard to additional costs of vehicles as well as regulation 
costs, the findings from CCA’s report show net consumer benefits and trivial regulation 
costs. I take the findings from CCA, thereby imposing no cost in the policy scenario. By 
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comparing the results of the policy simulation with those in the benchmark, I deduce the 
economy-wide rebound effect of the light vehicle emissions standards. 
This chapter is organised as follows. Section 2 provides a detailed literature review of the 
CGE modelling of the rebound effect, with a focus on the modelling approaches. Section 3 
presents the theoretical structure of the ORANI-G model, which is used for simulating the 
Australian proposed light vehicle emissions standards, and the implementation of the policy 
simulation in the ORANI-G model. Section 4 provides the simulation results and identifies 
the economy-wide rebound effect of the proposed policy. A life-cycle assessment of 
embodied carbon dioxide emissions approach is adopted, to estimate the indirect and the 
economy-wide rebound effect. Section 5 concludes the chapter. 
6.2 Literature Review of the CGE modelling on the Rebound Effect 
Computable general equilibrium (CGE) modelling is an important technique that 
policymakers, economics, and climate scientists use to understand the economy-wide effect 
of an energy or climate policy. CGE models provide a complete picture of the economic 
activity, as well as the environmental impacts, such as greenhouse gas emissions. The CGE 
approach is well known for investigating the effects of a variation in taxes, tariffs and 
commodity prices on macroeconomic indicators, such as industrial output, labour market, 
etc. (Dixon et al. 1997). While most of these applications have targeted the economic activity 
of one country or multi-region, there is now a trend towards applying the CGE model for 
exploring both the economic and environmental impacts of climate and environmental 
policies (Chen, Y-HH et al. 2016). However, by taking an environmental viewpoint, CGE 
modelling requires additional accounts for measuring the impact of a policy on the 
environment, such as a satellite greenhouse gas emissions account. The model also needs 
to be modified to incorporate the environmental impacts associated with human-related 
activities.   
The MIT Economic Projection and Policy Analysis (EPPA) model is an excellent example of 
how the model can be constructed and applied to project the global CO2 emissions under 
different scenarios (Chen, Y-HH et al. 2016). The Global Trade Analysis Project Energy 
(GTAP-E) is another outstanding case that illustrates the disaggregated energy sector and 
substitutability between energy and other primary factors (McDougall & Golub 2007). The 
Victoria University Regional Model (VURM) is a well-established multi-sectoral dynamic 
CGE model of the Australian economy that has been used in projections of the GHG 
mitigation policies (Adams, Dixon & Horridge 2015).       
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In this chapter, I develop a different approach toward modelling the environmental policies 
by linking their environmental impacts to the economic activities of the Australian economy. 
One of the most important features of the new approach is that it incorporates the life-cycle 
embodied carbon emissions to the household consumption of each commodity. Thus, the 
new model provides a platform to analyse the impact of the climate policy with new dataset 
on the embodied carbon intensity estimated by the life-cycle assessment at the final 
demander’s level, i.e. the representative household. 
The main objective of this chapter is to explain how the CGE model is developed and applied 
to analyse the Australian proposed light vehicle emissions standards. First, I describe the 
theoretical framework of ORANI-G, the CGE model developed by Dixon et al. (1997) and 
updated by Horridge (2003), in terms of model structure and data, as well as key 
assumptions. Second, I explore the key literature on the price elasticity of petrol to calibrate 
the corresponding elasticity parameter with the most convincing estimates in the model. 
Third, I change the household utility function to reflect how the technological change 
improves the household utility without shifts in taste. For example, the household benefits 
from the autonomous energy efficiency improvement (AEEI) of light vehicles, which captures 
non-price driven changes in fuel use over time without a decision to shift to more fuel-
efficient vehicles. The technological improvement embedded in the car or other energy 
appliances enables the household to take advantage of the technological progress that 
allows the consumer to retain the same utility, with less energy consumption and with less 
expenditure on energy in the long run. Last, with the satellite account on the life-cycle CO2 
emissions from the household, this new approach gives a complete picture of the 
effectiveness of the demand-side management (DSM).   
CGE models are ideal for analysing the impacts of the energy efficiency improvements and 
energy policies, because this modelling approach could capture the serial adjustments in 
the production and final consumption of all goods. As the energy efficiency improves in a 
certain sector, the effect could further flow into the whole economy. The partial equilibrium 
model, however, does not take into account the interactions between sectors and agents in 
the economy and is, therefore, inadequate for offering a systematic solution for analysing 
the energy efficiency change. 
CGE models are well-established tools for energy and climate policy analysis, but applying 
this tool to the investigation of the economy rebound effect is limited. Within the current CGE 
studies in rebound effect, approach, results and implications vary significantly. I reviewed 
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the existing studies and highlighted the consensus and uncertainties in this area in Chapter 
2. 
6.3 The Theoretical Framework of ORANI-G 
ORANI-G is a traditional Johansen model that contains numerous cost-minimising 
producers and a single utility maximising household for the Australian economy. The reason 
this type of model is called computable and general is because it will “postulate neo-classical 
production functions and price-responsive demand functions, linked around an input-output 
matrix in a Walrasian general equilibrium model that endogenously determines quantities 
and prices” (Dervis, 1975). In essence, the CGE model is nonlinear; however, to avoid the 
computational difficulties in solving a large non-linear system, Johansen (1960) first 
proposed the linearised solution for approximation. With the progress in the computation, 
the error from the linearisation could be minimised by using a multi-step Euler procedure. 
The equivalent name of the CGE model is “applied general equilibrium”. “Applied” indicates 
that this type of approach is not limited to theory. The ORANI-G model has a long history of 
being applied into policy analysis in Australia, such as in the removal of a tariff, an increase 
in agricultural taxation, or a reduction in nominal wages. Analysis based on the ORANI-G 
model has proven to be a successful tool for providing policy recommendations for 
policymakers in Australia, having been used by the Centre of Policy Studies (CoPS) at 
Victoria University, the Productivity Commission, and the Treasurer. 
 The household and other final demanders 
Like most of the CGE models, ORANI-G presents domestic household consumption using 
a representative household. This representative household behaves in a way characterised 
by a utility maximisation problem. The utility maximisation problem states that the household 
allocates its budget over all commodity goods, either produced domestically or imported 
from other countries, to maximise its utility. The utility function, in particular, follows the 
Stoney-Geary form, or the Klein-Rubin form, which is a shifted Cobb-Douglas utility function. 
The Stoney-Geary function allows more flexibility than the Cobb-Douglas function. In the 
former, a household is given a minimum level of consumption of each goods, or a 
subsistence level, while in the latter the subsistence level for all goods is zero. With a price 
change, the household utility function characterised by a Cobb-Douglas form has fixed 
income and price elasticities, being unity and negative unity, respectively, as shown in 
Chapter 3. However, with a price change, the household utility characterised by a Stony-
Geary function has flexible price elasticities, but the income elasticity depends on a Fritsch 
parameter and the price elasticity of a given good.  
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The graph below shows how a representative household decides how to spend its budget 
on commodities that are either produced domestically or imported. The household choice 
module is split into two steps. The first step is to decide how much of each of the aggregated 
goods to assume. For example, the household first chooses to buy food with a given share 
of the budget, without considering how much to spend on domestic food or imported food. 
This decision is made in a Klein-Rubin utility function. After the first step in allocating the 
budget on aggregated goods, the household faces the next question, how much to spend 
on domestic goods and how much on imported goods? ORANI-G takes the Armington’s 
approach that treats the domestic and imported goods as imperfect substitutes. Armington 
(1969) was the first to argue that goods produced by different countries are different. In 
ORANI-G, there are only two regions, Australia and the rest of the world. Therefore, an 
elasticity of substitution for each goods is applied to the second step of the consumer choice; 
the functional form follows CES in the second household decision procedure. 
 
Figure 6-1. A comparison of the new light vehicle carbon emissions intensity for the EU, US, 
and Australia in BAU and different policy scenarios. 
Figure 6-1. The household demand scheme in ORANI-G.  
The household is a final demander, which consumes the goods produced by firms. At the 
same time, the household is also a producer, in that it can minimise the cost of producing a 
given utility. The household production function in ORANI-G, is represented by the Stoney-
Geary function, which combines all goods in a way to produce utility. Automotive fuel use is 
one of the goods that the household consumes. As fuel efficiency improves, similar to 
technological progress in a producer, the utility of the household will increase, resembling 
the productivity improvement in the producer. If the household utility function is a form of the 
Cobb-Douglas function, the fuel efficiency improvement will not change the physical quantity 
of fuel demanded by the household, although it will improve the utility. The theoretical 
explanation has been described explicitly in Chapter 3.  
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In fact, the consequences of a fuel efficiency improvement in a Stoney-Geary utility 
framework are the same as a fuel efficiency improvement in a Cobb-Douglas utility function, 
as explained in Chapter 3. Here I will give detailed derivation of this problem under the new 
utility functional form. The representative household faces the problem of maximising its 
utility given a budget constraint. The following equations show this problem in a Stoney-
Geary utility functional form. 
 max 𝑈 = (𝑋1 − 𝐵1)
𝛼1 … (𝑋𝑛 − 𝐵𝑛)
𝛼𝑛   
𝑠. 𝑡. 𝑃1𝑋1 + ⋯ + 𝑃𝑛𝑋𝑛 = 𝑌 
(6.1) 
where Σ𝑖=1
𝑛 𝛼𝑖 = 1 and 𝑋𝑖 − 𝐵𝑖 > 0 for all 𝑖.  
𝑋𝑖 is consumption of good 𝑖 and 𝐵𝑖 is the subsistence level of consumption of good 𝑖. Take 
food as an example. A household, in this function, consumes food that is comprised of a 
subsistence level of food and a supernumerary level of food. The subsistence level of food 
is given and fixed, and is the basic requirement for the household to survive. As the 
household income increases, the household will allocate more of the budget on food. This 
increase in food demand is represented by the supernumerary level of food, while the 
subsistent level of food is still the same as before. 𝑋𝑖 − 𝐵𝑖 represent the quantity of food 
spent on the supernumerary use, or luxury, level of food. 
A fuel efficiency improvement, in a Stoney-Geary utility function, changes the “productivity” 
of fuel use in the household, including the subsistent level and supernumerary level of fuel 
use. For the subsistent level of fuel use, the fuel efficiency improvement will reduce the basic 
requirement for fuel, for the household could travel the same distance with less amount of 
automotive fuel than before. In other words, the productivity of the subsistent fuel use 
increases. Besides, the productivity of the supernumerary fuel use also increases, because 
the fuel efficiency improvement does not distinguish how much fuel is used for basic demand 
purposes from luxury purposes; the overall fuel use productivity of the household then 
increases.    
First, I explain in detail the demand system of the Stoney-Geary function without any 
technological improvement. Setting up the Lagrangian and solve the equations gives the 
demand function for each of the commodity as 
 𝑋𝑘(𝑃1, … , 𝑃𝑛, 𝑌) =
𝛼𝑘
𝑃𝑘
𝑌 + 𝐵𝑘 −
𝛼𝑘
𝑃𝑘
Σ𝑗=1
𝑛 𝑃𝑗𝐵𝑗 
(6.2) 
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More often than not, this demand system is named linear expenditure system (LES) because 
the expenditure on each goods is linear to the price and income. This can be seen by 
multiplying 𝑃𝑘 on both sides of the equation (6.2). 
 𝑋𝑘𝑃𝑘 = 𝐵𝑘𝑃𝑘 + 𝛼𝑘(𝑌 − Σ𝑗=1
𝑛 𝑃𝑗𝐵𝑗) (6.3) 
As shown in the above equation, the expenditure good 𝑘 has two components. First, a 
committed amount of good 𝑘 has to be consumed, represented by 𝐵𝑘 . The rest, or the 
budget deducting the committed expenditure of all goods, is then spend on goods 𝑘 
following a fixed share 𝛼𝑘. 
A fuel efficiency improvement can be modelled by introducing a technical change term into 
the utility function in this way. Suppose good 𝑚 is automotive fuel use and 𝐶𝑚 represents 
the exogenous fuel efficiency improvement. This fuel efficiency improvement will affect both 
the subsistence and supernumerary levels of fuel use, because this technological change 
improves the productivity of the fuel used for both the committed level and the 
supernumerary level. The basic requirement for fuel reduces to 
𝐵𝑚
𝐶𝑚
 and the supernumerary 
fuel use is more productive, which is represented by the term of the supernumerary use of 
fuel multiplied by 𝐶𝑚 . This improvement in the utility maximisation problem for the 
representative household becomes as follows, 
 
max 𝑈 = (𝑋1 − 𝐵1)
𝛼1 … [𝐶𝑚(𝑋𝑚 −
𝐵𝑚
𝐶𝑚
)]𝛼𝑚 … (𝑋𝑛 − 𝐵𝑛)
𝛼𝑛   
𝑠. 𝑡. 𝑃1𝑋1 + ⋯ + 𝑃𝑛𝑋𝑛 = 𝑌 
 
(6.4) 
The term 𝐶𝑚, as explained, affected both levels of consumption of fuel. For facilitating the 
coding, I impose 𝐶𝑖  to all goods; all 𝐶𝑖 = 1 when 𝑖 ≠ 𝑚 and 𝐶𝑚 > 1 representing the fuel 
efficiency change. The above equation could be rearranged so that it could be easily solved. 
 
max 𝑈 = Πi=1
𝑛 𝐶𝑖
𝛼𝑖(𝑋𝑖 −
𝐵𝑖
𝐶𝑖
)𝛼1   
𝑠. 𝑡. 𝑃1𝑋1 + ⋯ + 𝑃𝑛𝑋𝑛 = 𝑌 
 
(6.5) 
The new demand functions for the above question are given in (6.6). 
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𝑋𝑘(𝑃1, … , 𝑃𝑛, 𝑌) =
𝛼𝑘
𝑃𝑘
(𝑌 − Σ𝑗=1
𝑛
𝑃𝑗𝐵𝑗
𝐶𝑗
) +
𝐵𝑘
𝐶𝑘
 
(6.6) 
The new demand function changes in two ways. First, the total luxury expenditure, 
 𝑊𝑙𝑢𝑥 = 𝑌 − Σ𝑗=1
𝑛 𝑃𝑗𝐵𝑗
𝐶𝑗
  increases due to the fuel efficiency improvement that affects the value 
of 𝐶𝑚. Therefore, the luxury level for all goods will increase. Second, the demand for the 
subsistent level of fuel use reduces. 
There are several other final demanders in ORANI-G, including the government and the rest 
of the world. Like private households, government also consumes both domestically 
produced goods and imported goods. However, ORNAI-G does not specify any theoretical 
structure for government expenditure. Government expenditure is treated to move together 
with the real aggregate expenditure of the representative household. This specification of 
government expenditure implies that all goods demanded by the government changes by 
the same proportion as the change in real household expenditure. When there is a price 
change, the government does not respond to it as a private consumer because the 
government does not maximise its utility. Here, it simply expands or shrinks, depending on 
the behaviour of the representative household in the economy.  
The overseas demand for Australian-produced goods and services are aggregated as export 
demand, including each country of the rest of the world, excluding Australia itself. This 
treatment of export demand is typical in a single country CGE model, such as ORANI-G and 
USAGE. Models focusing on the global trade, such as GTAP, may have disaggregated the 
destinations of each good. In ORANI-G, there are two kinds of goods being exported, each 
of which has a different demand function. First, there is a distinction between tradeable 
goods and non-tradeable goods. Each set of goods is either tradeable, which is usually a 
primary export good such as beef, drinks and metals, or non-tradeable, which includes 
electricity, gas, water and so on. For tradeable goods, the export demand moves with the 
price change of each good. This movement is determined by the price elasticity of each of 
the export tradeable goods calibrated in ORANI-G. Non-tradeable goods move collectively 
in the direction of the collective price index. This latter demand pattern is determined by the 
price elasticity of the export demand of non-tradeable goods. It is also noteworthy that the 
ORANI-G takes a small open economy theory in modelling trading. That is to say, when the 
price of Australia’s products falls, the demand for these product will increase sharply 
because Australia is a relatively small economy and the products can be absorbed easily by 
the rest of the world. On the other hand, because of its small influence on the world price, 
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when the price of goods produced in Australia increases, the export demand will fall sharply. 
This is why the calibrated elasticities for export goods are valued between -2 to -10. 
 Industry production function 
Each industrial sector follows a two-step production decision process in ORANI-G. The first 
step for each sector is to choose the amount of primary factors and intermediate inputs to 
use. Primary factors and intermediate inputs are weakly separable in many CGE models, 
as is the case here. At this stage, the sector only makes a decision on the aggregate demand 
for all the primary factors. However, for the intermediate inputs, it determines the demand 
for each commodity at the aggregated level it uses for production, omitting the primary 
factors. At this stage, the production function is assumed to be of the Leontief form, implying 
that there is no substitution between primary factors and any of the intermediate goods, and 
between any of the intermediate goods. The second step involves different procedures for 
the primary factors and intermediate goods. For primary factors, the sector chooses how 
much capital, labour and land to use to achieve the aggregated level of primary factors set 
in the first step. Land is usually a fixed variable. In the short term, it is conventional to treat 
labour employment as adjustable, while capital stocks are fixed. On the contrary, in the long 
term, it is often assumed that full employment is achieved, so capital stocks are adjustable 
while employment is fixed. The aggregation of land, labour and capital follows a CES 
function, implying that substitutability is allowed between these factors. Since weak 
separability is assumed between intermediate goods and primary goods, there could be a 
different decision procedure for the intermediate goods in the second step of the production 
function. As for the intermediate goods, the second step involves a process that is similar to 
the second step of a household consumption choice. The industrial sector, at this stage, 
decides how much to spend on domestic and imported goods, as shown in the right hand 
corner of Figure 6-2. Armington’s (1969) theory also applied to this decision-making process. 
Producers see domestically produced goods are imperfect substitutes for imported goods. 
This imperfect substitution between domestically produced goods and imported goods is 
captured by a CES function and calibrated by an Armington elasticity estimated for each 
commodity.    
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Figure 6-2. The production scheme in ORANI-G.  
 Zero pure profits conditions 
In a traditional CGE model, firms are assumed not to make a profit in a fully competitive 
market. The price they charge is exactly the same as the cost they bear in production. Zero 
pure profits conditions also apply to all other activities in addition to production, such as 
importing and exporting. Therefore, the basic value – cost of production value – of each 
domestically produced commodity is the same for all economic agents, including producers, 
consumers, government and for export. However, agent prices (the price of the goods 
received by each agent) differ because they comprise the basic value plus all kinds of taxes 
and marginal costs, such as transportation on delivering this goods to the agent. The taxes 
and additional costs are the price linkages between agent prices and basic values.   
  Market clearing conditions 
Market clearing conditions are essential in a CGE model, which states that demand and 
supply are equal in all markets in Australia. First, for domestically produced goods, the 
demand from various sources, including private households, government purchases, 
investment, intermediate input use by firms, and export demand should be equal to the 
supply of the goods produced in Australia. For primary factors, the supply of labour, capital, 
and land should equal the demand for labour, capital and land. Labour, in ORANI-G, can 
move across industries with ease, while capital, on the other hand, is fixed in each industry. 
The reason to assume non-shiftability on capital is to model the fixed capital stocks in each 
of the highly specialised industrial sectors. As for land, ORANI-G only considers the 
agricultural land used in each industry. Therefore, a limited number of industrial sectors rely 
on land to produce goods. Like capital, land is a sluggish primary factor, which is non-
shiftable across industries. 
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6.4 Data Input 
Two types of data are important for analysing policies using a CGE approach. First, an input-
output table is essential for providing the baseline equilibrium for the economy. From the 
input-output table, the coefficients of the matrix that simulates the policy shock can be 
obtained. Besides, the input-output data provide the miscellaneous indexes, such as GDP 
and terms of trade. The Centre of Policy Studies (CoPS) at Victoria University converted the 
Australian Input-Output data for 2012-2013, published by the Australian Bureau of Statistics 
(ABS 2015c), into a database that is applicable for CGE analysis in a ORANI-G model. The 
aggregated version I used here has 25 commodities, which equals the number of industries.   
Equally important data on behaviours of economic agents are required for CGE analysis. 
These behavioural data include the Armington elasticity – the elasticity of substitution 
between domestic and imported goods – for domestic producers and the representative 
household, the elasticity of substitution between capital, labour and land for each industry, 
the price elasticity of demand and the income elasticity of demand for the representative 
household, and the price elasticity for export, among others. The values of these elasticity 
parameters are sourced from various studies. For example, the elasticities relating to 
household behaviour are estimated by Powell (1992), and the Armington elasticity of 
substitution between domestically produced goods and imported goods are taken from the 
estimates by Menon (1993).  
In this study, I also linked the existing data file to a carbon emission intensity account, 
estimated by a life-cycle assessment (LCA) by Dey (2008). The table below shows the 
carbon intensity of each commodity good and the mapping from the commodities in the 
carbon intensity account to the ORANI-G commodities. 
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Table 6-1. Mapping of the carbon intensity account to the ORANI-G commodities. 
Detailed commodity group 
Life cycle Greenhouse gas 
intensity (kg CO2-e/$) 
ORANI sector/ 
commodity 
Domestic fuel and power 1.333 Electricity 
Bakery products 0.403 FoodDrinks 
Condiments 0.444 FoodDrinks 
Dairy products 1.162 Livestock 
Fish 0.507 CropsForFish 
Fruit and nuts 0.391 FoodDrinks 
Meals out 0.394 FoodDrinks 
Meat 1.709 Livestock 
Non-alcoholic beverages 0.281 FoodDrinks 
Vegetables 0.398 FoodDrinks 
Alcohol 0.301 FoodDrinks 
Clothing 0.308 TCFs 
Clothing services 0.138 TCFs 
Footwear 0.299 TCFs 
Appliances 0.738 OthManufact 
Blankets, linen and furniture 0.349 OthManufact 
Furniture and flooring 0.304 Construction 
Glass and tableware 0.614 OthManufact 
Tools 0.239 OthManufact 
Household services 0.205 OtherService 
Health fees 0.261 HealthCommun 
Health insurance 0.017 HealthCommun 
Freight 0.753 RoadFreight 
Vehicle fuel 2.600 PetrolDiesel 
Motor vehicle purchase 0.289 RoadPassngr 
Motor vehicle parts and 
accessories 0.289 RoadPassngr 
Public transport 0.540 OthTransport 
Vehicle charges 0.152 MVPOthTrnEq 
Vehicle registration and 
insurance 0.016 MVPOthTrnEq 
Holidays 0.850 HotelsCafes 
Pets 0.356 OtherService 
Recreational goods 0.406 OtherService 
Recreational services 0.127 OtherService 
Personal care 0.221 Education 
Miscellaneous goods 0.312 BusinessSrv 
Miscellaneous services 0.157 BusinessSrv 
6.5 Application and Results 
 The Business-as-usual Scenario 
To forecast a business-as-usual (BAU) scenario for 2025 as a benchmark, I use inputs from 
the previous chapter as well as from other external sources. First, I use the technology trend 
for industries and for households in fuel use. Second, I use the projections for 
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macroeconomic variables such as GDP and population from the Reserve Bank of Australia 
(Reifschneider & Tulip 2017) and the World Bank. Without a policy standard on fuel 
efficiency, the fuel efficiency will increase by 32% by 2025, compared to base year 2012. 
This result is taken directly from the estimate in the previous chapter, which considers the 
compositional changes of vehicle sales as well as autonomous fuel efficiency improvement 
over time. 
For the household sector, I treat the light vehicle efficiency improvement as a sufficiency 
consumption choice module. This treatment on the household sector is in line with the 
traditional treatment of household consumption choice in research on indirect rebound 
effects (Chitnis et al. 2013; Chitnis et al. 2014; Murray 2013). In the sufficiency module, the 
household is assumed to allocate the entire fuel savings on all commodities. Therefore, the 
direct rebound effect could be tiny, whereas indirect rebounds could be large.  
In the 2025 benchmark scenario, as well as in all the other policy scenarios, all simulations 
share the same macroeconomic and demographic changes. As shown in the following table, 
in the first CGE simulation, the macroeconomic picture shows that GDP grows by around 
29.4 per cent by 2025 compared to 2012 (around 2 per cent per annum). There is normal 
growth in exports, about 31.8 per cent between 2012 and 2025, or around 2 per cent per 
annum. Private consumption and government expenditure grow at the same rate, about 29.0 
per cent in this period. Investment grows at a lower rate, 24.2 per cent and import increases 
at a normal pace at 22.6 per cent in this period. 
As for energy and carbon emissions, for this study on economy-wide rebound effect 
emissions from both the use of petroleum and from all other sectors are important. As 
reported by the Survey of Motor Vehicle Use (ABS 2013), total registered light vehicles in 
Australia consumed 24 billion litres of fuel. According to the National Transport Commission 
(NTC, 2013), 55 per cent of light vehicles are used by private consumers, and the remainder 
by industries and the government. In the ORANI-G model, the petroleum refining industry is 
the industry that produces automotive fuels. As shown in the following table, the inputs for 
this industry include many intermediate inputs and primary factors. Mining products account 
for 70 per cent of the overall inputs, followed by capital stocks, reaching nearly 15 per cent 
of the production costs. In this model, the output of the petroleum refining industry is 
automotive fuels only, which are used by industries, private households, government and 
for export. As for industries, construction (22 per cent), mining (17 per cent) and road freight 
(11 per cent) industries use the most fuel. These industries, however, use heavy vehicles, 
such as articulated trucks and light rigid trucks, whose efficiency would not be directly 
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affected by the light vehicle standards. On the contrary, light vehicles are widely used in 
service industries, such as trade, hotel and cafes, road passenger transport, business and 
services, and government administration. In these sectors, which use light vehicles to 
provide final services and goods, fuel efficiency improves 20 per cent as the autonomous 
technological change. 
Table 6-2. Macroeconomic indicators of simulation results including the business-as-usual 
scenario for model year 2025, lenient policy standard (2025 PA), medium policy standard 
(2025 PB) and stringent policy standard (2025 PC). 
 
2012-13 2025 BAU 2025 PA 2025 PB 2025 PC 
Private Consumption ($b, 
2012 prices) 840 1,084 1,085 1,085 1,086 
Public Consumption ($b, 
2012 prices) 270 348 349 349 349 
Investment ($b, 2012 
prices) 430 534 532 532 532 
Exports ($b, 2012 prices) 290 382 381 381 380 
Imports ($b, 2012 prices) 310 380 379 379 379 
GDP ($b, 2012 prices) 1,520 1,968 1,968 1,969 1,969 
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Table 6-3. Petroleum refining industry inputs use in 2012-2013 in Australia. 
Commodity 
Inputs to 
petrol 
production Percentage 
1 Livestock 1 0% 
2 CropsForFish 3 0% 
3 Mining 10,428 70% 
4 FoodDrinks 18 0% 
5 TCFs 10 0% 
6 WoodPaperPrd 24 0% 
7 PetrolDiesel 251 2% 
8 OthPetPrds 122 1% 
9 OthManufact 165 1% 
10 Metals 52 0% 
11 MVPOthTrnEq 1 0% 
12 OthTranEqp 0 0% 
13 ElecGasWater 85 1% 
14 Construction 27 0% 
15 Trade 37 0% 
16 HotelsCafes 43 0% 
17 RoadFreight 11 0% 
18 RoadPassngr 1 0% 
19 OthTransport 142 1% 
20 BusinessSrv 466 3% 
21 OwnerDwellng 0 0% 
22 GovAdminDfnc 12 0% 
23 Education 6 0% 
24 HealthCommun 0 0% 
25 OtherService 110 1% 
Capital 2,035 14% 
Labour 883 6% 
Land 58 0% 
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Table 6-4. The petroleum refining industry: Inputs and outputs in 2012 AUD 
 
2012 $m 
2025 
BAU 
2025 PA 2025 PB 2025 PC 
Petroleum refining industry inputs: 
 
  
Crude oil 10,427 10,441 10,028 9,698 9,366 
Other intermediates 1,589 1,482 1,424 1,377 1,331 
labour 882 772 741 717 693 
capital 2,035 1,782 1,711 1,655 1,598 
land 57 57 43 41 38 
tax 766 713 696 672 650 
Total Inputs 15,756 15,247 14,643 14,160 1,3676 
Petroleum refining industry outputs: 
 
  
Petrol and diesel 15,756 15247 14,643 14,160 1,3676 
Total output  15,756 15247 14,643 14,160 1,3676 
Reference variable: 
   
  
GDP 
1,519,93
6 
1,967,70
9 
1,968,24
8 
1,968,55
2 
1,968,85
6 
Price index for domestic 
motor fuels 
1 0.9594 0.9594 0.9594 0.9594 
Price index for GDP 1 0.8975 0.8985 0.8993 0.9001 
Refined petroleum industry, 
% GDP 
1.04% 0.77% 0.74% 0.72% 0.69% 
For the petroleum refining industry, the BAU scenario sees a slight decrease in petrol prices 
and minor changes in petrol production. As shown in Table 6-4, the price index for 
domestically produced petroleum products decreases by 4.06 per cent between 2012 and 
2025, whereas the price index for GDP decreases more than 10 per cent in the 2025 BAU 
scenario. The petroleum production decreases by 3 per cent, whereas GDP increases by 
over 29 per cent between 2012 and 2025. This implies that the share of petroleum industry 
in GDP is lower than in 2012. 
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Table 6-5. Industrial effects of proposed light vehicle fuel efficiency standards on production 
of each industry (percentage change as compared to 2025 BAU). 
Industry  2012-13 2025 BAU 2025 PA 2025 PB 2025 PC 
1 Livestock  13,941 208,148 -0.06% -0.12% -0.17% 
2 CropsForFish  56,616 1,328,041 -0.06% -0.11% -0.16% 
3 Mining  191,580 2,540,093 -0.10% -0.17% -0.26% 
4 FoodDrinks  90,491 3,875,430 -0.02% -0.04% -0.05% 
5 TCFs  6,508 388,823 -0.16% -0.29% -0.43% 
6 WoodPaperPrd  25,696 948,706 -0.04% -0.09% -0.13% 
7 PetrolDiesel  15,756 17,122 -3.95% -7.12% -10.29% 
8 OthPetPrds  11,751 170,002 -0.04% -0.06% -0.09% 
9 OthManufact  95,683 7,304,497 -0.08% -0.15% -0.21% 
10 Metals  75,725 3,117,307 -0.13% -0.24% -0.35% 
11 MVPOthTrnEq  16,386 5,941,859 -0.16% -0.28% -0.41% 
12 OthTranEqp  8,298 198,279 -0.05% -0.09% -0.13% 
13 ElecGasWater  86,598 2,945,254 0.05% 0.10% 0.15% 
14 Construction  386,559 9,096,562 -0.04% -0.07% -0.10% 
15 Trade  203,322 6,911,870 0.01% 0.01% 0.02% 
16 HotelsCafes  72,574 3,445,597 0.07% 0.14% 0.20% 
17 RoadFreight  47,198 1,020,460 -0.11% -0.20% -0.29% 
18 RoadPassngr  6,740 99,175 0.23% 0.41% 0.60% 
19 OthTransport  100,795 5,207,347 0.04% 0.08% 0.12% 
20 BusinessSrv  629,841 37.429,642 0.03% 0.05% 0.07% 
21 OwnerDwellng  169,806 4,708,657 0.13% 0.23% 0.33% 
22 GovAdminDfnc  134,241 4,219,176 0.06% 0.11% 0.15% 
23 Education  91,957 4,721,023 0.04% 0.07% 0.11% 
24 HealthCommun  123,896 4,643,142 0.11% 0.19% 0.28% 
25 OtherService  197,830 9,468,387 0.09% 0.17% 0.24% 
As shown in Table 6-5, all industry (except the petroleum industry) expands significantly with 
the macroeconomic growth in the 2025 BAU scenario, compared to base year 2012-13. This 
is because the fuel efficiency improvement in the BAU scenario is about 30 per cent, 
cancelling out the economic growth, which is also approximately 30 per cent.  
The fuel efficiency improvement only occurs exogenously in ten selected services industries, 
where light vehicles are intensively used. Listed in Table 6-6, these ten service industries 
include trade, hotels and cafés, road passenger sector, other transport sector, business 
service, owners dwelling, government administration and defence, education, health and 
communication and other services. Petroleum use for these ten sectors has reduced by 
around 10 per cent in 2025 BAU, relative to 2012-13.   
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Table 6-6. Petroleum use as an intermediate input in industries for which light vehicle fuel 
efficiency improves in base year 2012 and four simulations for model year 2025.  
 
 Industries where fuel 
efficiency improves 
Base year 
2012 
2025 
BAU 
2025 
PA 2025 PB 2025 PC 
  
Million Litres 
1 Trade 613 537 488 455 424 
2 HotelsCafes 56 51 46 43 40 
3 RoadPassngr 311 276 252 236 220 
4 OthTransport 1,017 928 846 793 739 
5 BusinessSrv 1,586 1,408 1,282 1,201 1,119 
6 OwnerDwellng 8 7 7 6 6 
7 GovAdminDfnc 351 308 280 262 244 
8 Education 47 43 40 37 34 
9 HealthCommun 130 116 105 98 92 
10 OtherService 766 686 624 585 546 
 
The following table shows the change in demand for petrol by each agent. In 2012, a total 
amount of 26,570 million litres of domestically produced and imported petrol was consumed 
by the local market, including households, government, and industries. In addition, 442 
million litres of domestically produced petrol was consumed by the rest of the world, 
equivalent to total exports. In 2012, the export of petrol is small, around 1 per cent of the 
total petrol production. In the 2025 BAU scenario, petroleum consumption by local industries 
increases by about 15 per cent. However, demand for petroleum as a household commodity 
decreases by around 18 per cent. As for export, Australian produced petroleum consumption 
for the rest of the world increases by 19 per cent. Therefore, the total petroleum consumption 
by all agents decreases by around 823 million litres in 2025 BAU, compared to base year 
2012.  
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Table 6-7. Petroleum consumption (million litres) by agent by source in the business-as-
usual (2025 BAU), lenient policy standard (2025 PA), medium policy standard (2025 PB) 
and stringent policy standard (2025 PC) scenarios for model year 2025.  
Petrol (million litres) 2012 2025 BAU 2025 PA 2025 PB 2025 PC 
Intermediate 15,719 18,119 17,844 17,624 17,404 
Investment 0 0 0 0 0 
Household 9,205 7,547 7,002 6,567 6,129 
Government 0 0 0 0 0 
Rest of the World 442 524 524 524 524 
Total by all agents 27,012 26,189 25,370 24,714 24,057 
 The Policy Scenarios 
For the policy scenarios, I assume that the Australian proposed light vehicle emissions 
standards lead to improvements in fuel efficiency that allow industries and households to 
use less fuel than before, while travelling the same distance. Specifically, as addressed in 
the BAU scenario in the previous section, I assume that, by 2025, automotive fuel use per 
unit of output from service industries will decrease by 32 per cent, compared to 2012 
baseline. I use the results from the previous chapter for the calibration of the fuel efficiency 
improvements in the lenient (2025 PA), medium (2025 PB) and stringent (2025 PC) policy 
scenarios. For the 2025 PA scenario, fuel efficiency improves by 37 per cent, compared to 
2012. In the 2025 PB scenario, fuel efficiency improvements reaches by 41 per cent, 
compared to 2012. The 2025 PC scenario has the highest fuel efficiency improvement 
overall, mounting to 45 per cent, compared to the base year 2012. 
These changes in fuel efficiency in each policy scenario are equivalent to 7 per cent for PA, 
13 per cent for PB and 19 per cent for PC reductions in the average rate of fuel consumption, 
relative to the 2025 BAU scenario. At the same time, I assume that the cost of implementing 
this policy is negligible for two reasons. First, CCA (2014) showed that the implementation 
costs are low because the current emissions testing system in Australia already includes 
CO2 emissions measurements. The laboratory results in CO2 and fuel consumption per 
hundred kilometres are obtained from ADR81/02 Fuel Consumption Labelling for Light 
Vehicles, and are already provided to consumers when purchasing new cars as per labelling 
requirements. Therefore, the implementation of this policy would not incur significant extra 
administrative costs. Second, the technology of fuel efficiency vehicles; for example, hybrid 
vehicles, are already available in Australian markets, and automobile users do not have to 
spend more on more efficient vehicles. The cost–benefit analysis approach in the CCA’s 
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(2014) research suggested that motorists could benefit most from the proposed mandatory 
standards. Under the stringent policy scenario (2025 PC), the present value of fuel savings 
over the life of new vehicles, relative to BAU, reaches up to $5,000 for the model year 2025. 
The estimated cost associated with switching to a more fuel-efficient vehicle that meets the 
stringent standard incurs less than $1,000 in the model year 2025. Therefore, the net benefit 
to motorists under the most ambitious target is $4,000 for the model year 2025. Even without 
technological improvement, households could choose to purchase smaller cars or manual 
variants to reduce both fuel consumption and CO2 emissions per distance travelled. For 
these reasons, I do not simulate any costs in implementing the policy.  
As shown in Table 6-2, the macroeconomic pictures of the policy scenarios are very similar 
to that of the BAU 2025 scenario. When carbon emissions standards on light vehicles are 
implemented, GDP, private consumption and government expenditure grow slightly higher 
than the 2025 BAU scenario. However, growth in investment, imports and exports slows 
lightly, compared to the BAU scenario. 
The petroleum industry figures all shrink in the three policy scenarios, compared to 2025 
BAU. Total inputs and outputs reduce most in the 2025 PC scenario, where the most 
stringent light vehicle fuel efficiency standard is applied across the Australian economy. As 
a result, the share of the petroleum industry in GDP decreases from 1.04 per cent to 0.69 
per cent, in the 2025 PC scenario. This change indicates that the reliance on the petroleum 
industry is lower in the policy scenarios than in the 2025 BAU scenario.  
For the industrial results, the variations between policy scenarios and BAU are small. 
However, it is noteworthy that most of the agricultural and industrial sectors shrink slightly 
in the policy scenarios, such as livestock, food and drink, construction, metals and petrol 
production. On the other hand, most service sectors expand, including trade, hotel and 
cafes, education, etc. This change shows that the economy will become more dependent 
on service-oriented industry under the light vehicle emissions standards.  
Compared to the 2025 BAU scenario, all of the policy scenarios generate a lower demand 
for petroleum in both firms and households. The volume of export of petrol remains the same 
for each of the policy scenarios as the 2025 BAU. For total petroleum consumption by all 
agents, the stringent policy (2025 PC) scenario has the largest reduction compared to 2025 
BAU, followed by the medium policy (2025 PB) scenario and then the lenient policy (2025 
PA) scenario.   
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The direct rebound effects in all three policy scenarios are moderate. Shown in Table 6-8, 
the expected reductions in petrol for intermediate use for 2025 PA, 2025 PB and 2025 PC 
is 571, 1,060 and 1,549 million litres, respectively, compared to 2025 BAU. On the other 
hand, the actual reduction for each policy scenario for the intermediate use is less than half 
the expected reduction. These results imply that, for the intermediate usage of petroleum at 
the firm level, the direct rebound effect of fuel efficiency standards is over 50 per cent. At 
the other extreme, the actual reduction in petrol consumption at the household level is even 
larger than supposed in the fuel efficiency standards, yielding a negative or close to zero 
direct rebound effect in each of the policy scenarios. In this dataset, firms and households 
are the only economic agents that are affected by the light vehicle fuel efficiency standards. 
The rest of the world is not affected by the policy and the government and investment do 
not consume petrol in this dataset. Therefore, the direct rebound effect by all agents ranges 
from 25 per cent to 30 per cent. Even though the stringent policy scenario (2025 PC) 
generates the largest direct rebound effect of 29 per cent, the actual reduction in overall 
petrol consumption is the highest (2,132 million litres) among the three policy scenarios. 
Table 6-8. The direct rebound effects of each economic agent at three policy scenarios. 
 2025 PA 2025 PB 2025 PC 
Expected Reduction in Petrol 
(million litres) 
   
Intermediate use 571 1,060 1,549 
Investment 0 0 0 
Household 528 981 1,434 
Government 0 0 0 
Rest of the World 0 0 0 
Total by all agents 1,099 2,041 2,983 
Actual reduction   
Intermediate use 275 495 715 
Investment 0 0 0 
Household 545 980 1,418 
Government 0 0 0 
Rest of the World 0 0 0 
Total by all agents 819 1,475 2,132 
Direct Rebound effects   
Intermediate use 52% 53% 54% 
Investment 0 0 0 
Household -3% 0% 1% 
Government 0 0 0 
Rest of the World 0 0 0 
Total by all agents 25% 28% 29% 
This result is closer to previous studies on the direct rebound effect of fuel efficiency 
improvement in Australia than in the US. For example, in the econometric analyses on the 
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direct and indirect rebound effect by Murray (2013), the direct rebound effect from improved 
fuel efficiency at the household level in Australia is estimated to be around 0.25. However, 
the result from this research is slightly larger than the studies on the rebound effect of fuel 
efficiency improvements in the US. When comparing the results, I suggest that the rebound 
effect in the CGE framework represents the long-run rebound effect instead of the short-run 
rebound effect, because the closures in the simulations taken are the typical long-run 
closures. Greene (2012) showed in his econometric study based on panel data for the US, 
that the rebound effect decreased from about 0.4 to 0.1 between1966 to 2007 for the long 
run. Similarly, Small and Van Dender (2007) obtained a similar result to that of Greene by 
using panel data for the US for the years between 1966 and 2001. They showed long-run 
rebound effect ranges from 0.1 to 0.2. This difference between the Australian and the US 
studies suggest that rebound effects could differ from country to country. 
The direct rebound effect from the household is the lowest, ranging from -3% to 1% in the 
three policy scenarios. These results may look counterintuitive as it may be expected that 
the rebound effect is positive under all circumstances. However, there are two reasons for 
the findings. First, the rebound effects reported in Table 6-8 are based on energy itself, 
instead of energy service, namely, transport activity in this analysis. Even though the 
rebound of energy is negative, it does not mean that the transport activity is lowered. 
Second, the model assumes that the consumers are on a conservative efficiency module, 
which restricts them from consuming more energy once their need is met after the fuel 
efficiency improvement. Therefore, when a policy imposes on fuel efficiency, it directly 
reduces the use of fuel, and then, the consumer is allowed to allocate the fuel savings on all 
goods and services according to his preference.   
The magnitude of the direct rebound effect in this study falls between 0.25 to 0.29, which is 
similar to the empirical estimates of the price elasticity of petroleum demand for Australia. 
This result is in line with the theory proposed in Chapter 3. However, it might be reasonable 
to assume that the rebound effect would decrease over time.   
At the economy-wide level, I use life-cycle GHG emissions intensity measured by Dey 
(2008) to calculate the rebound effect. As the life-cycle approach takes into account the 
GHG emissions generated during the production process, the producers are excluded when 
calculating the total GHG emissions. As shown in Table 6-9, the total GHG emissions, taking 
a life-cycle approach, can be divided into three groups: private households, export and 
government. In 2012, total Australian GHG emissions are around 560 million tons of CO2-e, 
contributed mainly by the household (46 per cent) and export (43 per cent). Compared to 
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2012, the 2025 BAU scenario sees a significant surge in the overall GHG emissions, 
mounting to 705 million tons of CO2-e. All agents increase emissions more than 20 per cent 
by 2025 in the business-as-usual scenario, if no climate policy is implemented. Each of the 
2025 policy scenarios show that the overall GHG emissions reduces slightly compared to 
the 2025 BAU scenario when the light vehicle fuel efficiency standard is in action. The 
stringent policy (2025 PC) has the most significant reduction in GHG emissions reduction of 
the three policy scenarios. 
 
 
Table 6-9. Life-cycle greenhouse gas emissions by agents at three policy scenarios (million 
tons of CO2-e). 
Agent 2012 2025 BAU 2025 PA 2025 PB 2025 PC 
Household 264 329 328 327 326 
Export 242 297 297 297 296 
Government 63 79 79 79 79 
Australia 
Total 569 705 703 702 701 
The economy-wide rebound effect measured by life-cycle GHG emissions is obtained via 
the method shown in Table 6-10 for each of the policy scenarios, compared to the 2025 BAU 
scenario. The expected GHG emissions reductions are translated from the direct reduction 
in light vehicle fuel use explained in the above context. To repeat, the three policy scenarios 
are supposed to decrease fuel use by 7 per cent (equivalent to 2.86 million tons of CO2-e), 
13 per cent (equivalent to 5.31 million tons of CO2-e), and 19 per cent (equivalent to 7.76 
million tons of CO2-e), respectively, compared to the 2025 BAU level. The actual GHG 
emissions reduction in each of the policy scenarios is much smaller than the expected 
reduction. The difference of the expected and the actual GHG emissions reduction gives the 
rebound effect, which is around 50 per cent for all of the policy scenarios.    
Table 6-10. Economy-wide rebound effects at three policy scenarios (million tons of CO2-e). 
 
2025 PA 2025 PB 2025 PC 
Expected GHG emissions reduction 2.86 5.31 7.76 
Actual GHG emissions reduction 1.43 2.62 3.87 
Economy-wide rebound Effect 49.99% 50.63% 50.13% 
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The economy-wide results are similar to the majority of the CGE studies on the rebound 
effect of an energy efficiency improvement. A significant finding of this study is that the 
economy-wide rebound effect is less than 100 per cent, which indicates that a “backfire” is 
unlikely to happen when introducing a fuel efficiency standard in Australia. This result is in 
line with the findings by Broberg, Berg and Samakovlis (2015), Allan et al. (2007) and Anson 
and Turner (2009). For example, in the study of Broberg et al. (2015), the economy-wide 
rebound effect ranges between 40 per cent and 70 per cent when an energy efficiency 
improvement is introduced across industries in the Swedish economy. Similar to the results 
obtained by Broberg et al. (2015), Allan et al. (2007) argued that a backfire is not possible 
because the economy-wide rebound effect ranges between 30 to 50 per cent when 
simulating an energy efficiency improvement in all production sectors in the UK economy. 
Discussing the sensitivity of the rebound effect to the value of the key elasticities 
parameters, Anston and Turner (2009) suggest the rebound effect is between 30 and 70 per 
cent, taking reasonable value of the elasticities when simulating a fuel efficiency 
improvement in the commercial transport sector in the Scottish economy.  
However, there is evidence showing that an energy efficiency scheme could actually 
increase the energy consumption. According to Haney et al. (2005), a backfire result is 
observed in a simulation of an energy efficiency improvement across the Scottish economy. 
Similar to Haney et al. (2005), Brännlund, Ghalwash and Nordström (2007) argued that a 
costless fuel efficiency improvement in the transport sector could be counterproductive as it 
will result in more GHG emissions based on simulations in the Swedish economy. 
This difference suggests that the scope of the energy efficiency improvement may play an 
important role in determining the magnitude of the economy-wide rebound effect. A sector-
specific energy efficiency improvement, for example, a fuel efficiency improvement in light 
vehicles, may result in less rebound effect than an across-the-board energy efficiency 
improvement in all industrial sectors. Besides, different countries show different patterns in 
terms of the economy-wide rebound effect. Although in Australia the simulation suggests 
that the rebound effect does not cause backfire, it does not guarantee it is the same case 
for other countries as the economy structure and consumer preferences vary across 
countries.  
6.6 Conclusion 
This chapter takes a CGE approach to examine and compare the effects of a set of policy 
scenarios on light vehicle fuel efficiency standards on light vehicle petroleum use and the 
economy-wide GHG emissions. By focusing on rebound effects that may undermine the 
 209 
desired effect of a light vehicle emissions standard, this study shows which of the policy 
scenarios can achieve the greatest reduction in overall GHG emissions for Australia in the 
model year 2025. 
There are four major findings in this chapter, which can be summarised as follows. First, 
simulation results indicate that the Australian proposed light vehicle fuel efficiency standards 
would lead to direct rebound, which could offset the expected fuel savings by around 30 per 
cent. Despite that, the most stringent policy target shows a largest direct rebound effect 
measured by percentage; this scheme could achieve the most reduction in physical use of 
petrol in terms of million litres by 2025. This significant finding suggests that the focus of the 
research on a fuel efficiency standard should not be limited to estimate the direct rebound 
effect, but also consider the physical use of the energy source.  
Second, I show that all policy scenarios achieved around half of the desired reduction in 
GHG emissions at an economy-wide level. Using a life-cycle approach, the overall GHG 
emissions from the economy do not exhibit a reduction at a desired level from each of the 
policy scenarios, because consumers choose to spend the rest of their money saved from 
fuel on other goods and services, which has embedded GHG emissions taking into account 
the production, transport, consumption and waste management processes.   
Third, I show the most stringent policy target is the most desirable when considering the 
rebound effect and the actual reduction in the economy-wide GHG emissions. The three 
policy scenarios have around the same magnitude of the economy-wide rebound effect, 
measured as a percentage of the expected savings. Therefore, choosing the policy that has 
the largest expected savings would achieve the most GHG emissions reduction at the 
economy-wide level for Australia.    
Fourth, it was shown that a backfire is unlikely to happen when introducing light vehicle fuel 
efficiency standards. Although the magnitude of the direct and economy-wide rebound 
effects is significant across the three policy scenarios, the economy still sees a decrease in 
the overall GHG emissions. The rebound effect could be reduced when a cost is introduced 
alongside the policy, as the consumers would have fewer savings relocated on other goods 
and services. 
Further work could be focused on examining the sensitivity of the rebound effect, fuel use 
and GHG emissions, under alternative assumptions on the additional costs associated with 
the policy and the value of the elasticities parameters pre-set in the CGE model. Also, it may 
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be useful to compare a petroleum tax or carbon tax scenario to the light vehicle fuel 
efficiency standards.   
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Chapter 7 Conclusion 
Australia has undertaken an intensive discussion of the proposed light vehicle fuel efficiency 
standards aimed at reducing GHG emissions. The standard, once implemented, will affect 
the decisions of the domestic end-users of light vehicles, including households, firms and 
government on the purchase of all commodities, which may induce the direct and indirect 
rebound effects. This thesis focuses on investigating the theory and evidence of the potential 
rebound effect for the Australian economy.  
The final aim of the research is to test the hypothesis that the rebound effect will undermine 
the effectiveness of the Australian proposed light vehicle emissions standards. To achieve 
the target, the thesis studies four components of this critical issue. The first component is a 
complete review of the literature regarding the rebound effect. The second part examines 
both the underlying theory of the rebound effect differentiating economic agents and the 
source of the rebound effect. The third component gives an overview of the Australian new 
light vehicle market. Policies on light vehicles standards in other countries are compared. 
Additionally, a regression analysis shows the relationship between emissions and vehicle 
attributes. The fourth component is an economic analysis of the Australian proposed 
standards. Specifically, I used a detailed engineering fleet model, combined with time series 
analysis, to produce shocks for policy scenarios for the CGE simulations. Policy scenarios 
were compared  in terms of the magnitude of the rebound effect and the reduction in GHG 
emission measured by physical units. 
7.1 Existing Studies of the Rebound Effect 
There is a substantially large presence of the rebound effect in the existing literature in 
energy economics and environmental policy. Although Jevons was the first to propose the 
idea that energy efficiency may not be as productive as predicted by many scientists in the 
19th century, this topic was rarely touched until the end of the 20th century, when climate 
change began to draw attention from both scientists and economists. Since the industrial 
revolution, energy consumption, energy efficiency and economic growth all grew 
significantly. However, the relationship between the growth of GDP and energy consumption 
did not.   
Like Jevons, Khazzoom (1980), Brookes (1990) and Saunders (1992) argued that energy 
efficiency improvements only boost energy use via lowered costs and higher economic 
growth. On the contrary, Lovins (1988), Keepin and Kats (1990) and Grubb (1990) disagreed 
with the existence of the rebound effect, arguing that the rebound effect is an unnecessary 
worry because people do not react to an implicit price change when energy efficiency 
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improves and, most of the time, the more efficient appliances that will offset the savings from 
the variant costs are more expensive.    
The year 2000 marked a milestone in the debate of the rebound effect as a consensus was 
reached. Evidence based on econometric studies showed that the direct rebound effect is 
small, between 10% and 30% (Schipper 2000). Before long, economists began to dispute 
over new aspects of the rebound effect: the indirect and economy-wide rebound effects, 
which capture the effect of an energy efficiency improvement on the overall energy 
consumption or GHG emissions change, within a household or within an economy. More 
empirical studies emerged since 2000, with a focus on estimating economy-wide rebound 
effects. CGE models are often used as an ideal approach to address the economy-wide 
effect of an energy efficiency improvement; these models provide a credible whole structure 
of the target economy and are designed for exploring the effects of technological 
improvements or policy interventions on the macro scale. 
Interestingly, more recent studies show significantly different results for energy efficiency 
improvement in various countries and sectors at the economy-wide level. The commonality 
is that the economy-wide rebound effect is larger than the direct rebound effect. This result 
is of great importance, as the ultimate goal of an effective energy efficiency policy is to 
reduce energy consumption, not only in the sector in which the efficiency improvement has 
happened, but also in other sectors of the economy. Besides which, the different findings in 
the existing empirical studies suggest that the rebound effect may vary significantly from 
country to country. Therefore, each country has to consider the rebound effect based on 
their own economic conditions, such as the level of economic growth, technological change 
and consumer preferences. This difference also indicates that a general consensus on the 
rebound effect may not be reached within a short time period, as the conditions in each 
country are different and change over time.       
The ongoing debate in the existing literature on the rebound effect shows a lack of 
understanding in the underlying theory of the rebound effect, which was addressed and 
explored in great detail in Chapter 3 in this thesis.It is crucial for policymakers to understand 
the reasons behind the various repercussions of the energy efficiency improvement before 
they make comparisons between proposed policies and their intended outcomes with similar 
policies implemented in other countries.   
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7.2 Micro-level Theoretical Studies of the Rebound Effect 
I use the microeconomic theory to explain explicitly how an energy efficiency improvement 
affects both the consumer’s decision and the firm’s decision when facing an optimisation 
problem in the presence of an energy efficiency improvement. For the household (the 
consumer), the rebound effect has two aspects. First, the income effect explains the fact 
that households benefit from the efficiency improvements and are, therefore, better off than 
when the technology is not available, which allows them to expand their overall consumption 
on all goods. Second, as the effective price of the energy service and good declines following 
an improvement in technology, the consumer may substitute away from consuming other 
goods to consuming energy-intensive goods or services, which is known as the substitution 
effect. 
For the firm, the rebound effect has two aspects. Firms could maximise their profit by 
substituting away from other input uses to energy use when an exogenous technology 
favours the energy use, which is captured by the substitution effect, similar to the response 
made by a household. By doing so, the firm reduces the cost as well as the price of the 
product, assuming competitive markets. With lower prices, the aggregated demand for the 
product will increase, causing the output (expansion) effect. Both short-run and long-run 
scenarios are discussed in the theory of the rebound effect from the firm’s perspective.   
The theoretical work in my thesis contributes to an ongoing inquiry into the rebound effect 
that undermines energy conservation. Understanding the economic foundation of the 
household behaviour and the business behaviour in response to a technological 
improvement in energy use is the first step toward a better understanding of how the 
decision-making of the economic agents who play important roles in the economy could 
affect the energy consumption and environment. Both the consumer theory and the 
production theory suggest that there is a sound theoretical basis for the rebound effect, as 
the energy efficiency change translates to a price change in energy, which inevitably affects 
decision-making by economic agents, encouraging them to consume more energy goods 
and also have a potential to increase the consumption of other goods.   
The proposed light vehicle emissions standard, in essence, is an energy efficiency policy 
aiming at reducing GHG emissions via improving the new vehicle fuel economy for Australia. 
This study finds that the proposed policy may be effective in improving the fuel efficiency of 
the Australian light vehicle fleet, but less effective in reducing the carbon dioxide emissions 
at a sector-specific level and at an economy-wide level, due to the rebound effect. As the 
theoretical analysis on the direct rebound effect shows, a fuel efficiency improvement 
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reduces the cost of the private transport service, encouraging more use of it. Therefore, the 
actual savings would be less than expected from the engineering calculations. Besides, the 
indirect rebound effect suggests that, if the effective price of energy is reduced, the 
consumer will tend to consumer more energy as well as other goods or services. From the 
CCA’s report, the cost-benefit analysis on the proposed standard could allow at least $5,000 
in savings for consumers by the model year 2025, taking into account the new purchase, 
which makes it possible for the consumers to allocate the savings on other goods or services 
according to the complementarity and substitutability between private transport and other 
goods. To avoid the direct and indirect rebound from the implemention of a light vehicle fuel 
efficiency standard, one of the options policymakers could consider is to impose an 
additional cost on the purchase of new vehicles. Since the Australian vehicle industries will 
be completely dominated by overseas automakers from 2020, an increase in tariff on 
imported new vehicles might be useful as a correction of the rebound effect.  
7.3 A Summary of the Australian Light Vehicles Market 
The light vehicle fleet in Australia is substantially different from other countries since 
consumer preferences and policy background in Australia are unique. In short, the 
Australian light vehicle fleet is larger, heavier, less fuel-efficient and more carbon-intensive, 
compared to most OECD countries. Some of the reasons for these vehicle characteristics 
are the extreme climate and rough roads, longer distances between cities and a need to 
carry a large quantity of goods to satisfy the long-distance travel. Another important reason 
contributing to a less fuel-efficient vehicle fleet is that Australia does not impose any fuel 
efficiency or carbon emissions standards that require motor vehicles to meet a certain 
emissions target. These unique factors make it crucial for Australia to take action in the 
transport sector; specifically, road transport to deal with climate change in the global context. 
The regression analysis on the carbon emissions intensity and vehicle attributes for new 
cars sold in Australia in 2015 suggest that vehicle size, engine power, fuel type and 
transmission have a significant impact on fuel economy and carbon intensity of a vehicle. 
Larger vehicles are often associated with higher carbon emissions. The same result applies 
to engine power. Hybrid and electric vehicles emit less carbon dioxide than petrol- and 
diesel-fuelled vehicles. Besides which, automatic transmissions (which are preferred in 
Australia) emit more carbon dioxide than manual transmissions (which are preferred in the 
EU) per kilometre travelled, controlling other variables. These regression findings could 
further suggest that there are multiple options for policymakers to consider in reducing 
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carbon emissions from light vehicle fleet, such as downsizing, encouraging manual 
transmissions and subsidising hybrid and electric vehicles.   
Other developed countries and economies, such as the US, the EU and Japan, have been 
implementing fuel efficiency standards or carbon emissions standards on light vehicles for 
years. For example, the US legislated the corporate average fuel economy (CAFE), to 
improve the fuel economy of light vehicles in the late 1970s. Similarly, the EU legislated a 
mandatory CO2 reduction target, to reduce CO2 emissions from new light vehicles. The EU’s 
approach is essentially the same as the US’s approach, as the CO2 emissions rate is a 
measure of the fuel economy. Taking a different approach, Japan reaches the same target 
of improving fuel efficiency of light vehicles by a much more competitive scheme, the Top 
Runner Method, which requires all car manufacturers on the market to produce more fuel-
efficient cars which, on average, have to match the model that has the highest fuel efficiency 
performance at specific points in time every year.   
These developed economies have widely recognised fuel efficiency standards as a tool to 
improve the fuel efficiency of motor vehicles. Aimed at reducing carbon emissions as well 
as fuel consumption from the transport sector, these policies have shown some results, but 
have also received criticism.  
If a fuel efficiency standard is not imposed in 2020, Australia risks importing less fuel-efficient 
vehicles, as the entire new fleet will be dominated by overseas automobile manufacturers. 
The strict target in light vehicle fuel efficiency and carbon emissions in most developed 
countries and no target in Australia suggest that automakers use Australia as a destination 
for their less-efficient vehicles. Compared to the UK market, for example, the CCA (2014) 
discovered that Toyota provides fewer options of fuel-efficient models and variants to the 
Australian automobile market than to the British market. This difference shows that 
Australian motorists have fewer choices and, therefore, less utility and, at the same time, 
the environment is at risk if Australia remains left behind other countries in carbon emissions 
standards in light vehicles.  
7.4 A Macroeconomic Analysis of the Australian Proposed Light Vehicle 
Emissions Standards  
The macroeconomic policy analysis takes an integrated approach to examining the effect of 
the proposed light vehicle emissions standards on economic structure, petroleum use and 
greenhouse gas emissions. The technology-rich fleet model used for forecasting the 
average fuel economy of the whole fleet under the business-as-usual scenario, lenient 
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standard scenario, medium standard scenario and the stringent scenario captures light 
vehicle technology detail, fleet turnover rate and new car sales. Based on the integrated 
approach, the macroeconomic CGE simulations were designed to investigate the rebound 
effect of fuel efficiency standards. Three important findings emerge. First, the average fuel 
efficiency improvement of the entire fleet is far lower than the new car fuel efficiency 
improvement under mandatory standards. The mandatory standards, which only requires 
new cars sold to meet the fuel efficiency target, have no effect on existing cars, which 
comprise around 90% of the total registered vehicle fleet. Therefore, a stringent 2025 target 
of a 45% fuel efficiency improvement in new light vehicles, compared to base year 2012, 
may translate to only a 19% fuel efficiency improvement of the overall light vehicle fleet in 
2025, compared to the 2025 business-as-usual scenario. Second, the analysis showed that 
the direct rebound effect is modest, whereas the economy-wide rebound effect is 
considerably large. The direct rebound effect of all three policy scenarios are less than 30%, 
indicating that the majority of the expected petroleum reduction from the road sector is 
reached under the mandatory light vehicle emissions scheme. However, when broadening 
the scope, the rebound effect increases to around 50% at the economy-wide level over the 
three policy scenarios. These results suggest that the expected GHG emissions reduction 
could only be partially achieved under the fuel efficiency standards, as households and firms 
may redistribute their wealth and expand their consumption of other goods while saving fuel 
from improved efficiency. Third, when comparing the actual amount of GHG reductions in 
the three policy scenarios, the analysis showed that the stringent target performed best at 
GHG emissions reduction. Moreover, even though the rebound effect measured by 
percentage is higher than the lenient or medium standards, the stringent standard led to 
more profound GHG emissions savings than other policy scenarios. This important finding 
suggests that the rebound effect should not be the single instrument by which to evaluate 
the effectiveness of a fuel efficiency policy, as the physical unit of carbon emissions is also 
of the same importance.   
One crucial implication of this study for ongoing research on the rebound effect and energy-
efficiency policies is that it emphasises the benefit of adopting computable general 
equilibrium models for policy analysis at the economy-wide level. Since energy use in 
transportation accounts for a significant proportion of energy consumption in Australian 
households and industrial sectors, capturing the linkages between each industrial sector 
and economic agent in an economy-wide model becomes essential in policy analysis. On 
the contrary, a partial equilibrium model could only identify the direct responses of economic 
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agents in response to a policy while ignoring both the interactions among economic agents 
and the economy-wide rebound effect 
By extension, the macroeconomic CGE model can be used to simulate additional policy 
questions such as a carbon tax on petroleum, to investigate the rebound effect of energy 
efficiency policies on other sectors, such as agriculture or mining, or to examine the same 
questions at a disaggregated regional level in Australia. An interesting area for potential 
research involves a more implicit analysis on the role of household types with respect to 
energy efficiency improvement. For example, wealthy households may react differently from 
poor household in consumption choices when income changes by the same proportion as 
wealth households may prefer luxury goods that are normally less energy-intensive than 
subsistent goods. 
In Australia today, an emissions standard ADR 79/04, originally adopted from the EU on 
CO, NOx, HC and PM, have been implemented and progressively tightened since the 
1970s, but the CO2 emissions standard has not been incorporated into policy agenda. 
However, Australia does require all new light vehicles to carry a fuel consumption label, 
which includes the fuel efficiency as well as carbon emissions intensity of the model. The 
fact that the current testing system already reports the carbon dioxide emissions results 
suggests that this proposed standard could incur insignificant administration costs. The 
findings of this study show that the proposed light vehicle emissions standard could reduce 
GHG emissions and the policy could bring positive changes to the environment.  
Although the proposed fuel efficiency standard may show the least tension between 
economic efficiency and political feasibility compared to other climate policies, such as a 
carbon tax, a more comprehensive study could further examine the tensions at the level of 
policy justification, design of a specific policy and choice of policy type. This extension could 
identify the tensions and challenges of each alternative and provide policy evaluations 
beyond the scope of economics. Moreover, raising awareness of tension between economic 
efficiency and political feasibility may prompt frank discussion on policy choices and the 
associated criteria for ranking policies that could integrate into the economic rationales 
provided in this thesis. 
7.5 Synthesis 
By integrating the results of each of the four individual studies in this thesis, I eventually 
return to answer the core question of the thesis: will the rebound effect undermine the 
effectiveness of the proposed light vehicle emissions standards? Addressing this question 
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requires an understanding of: first, the theory underlying the phenomenon of the rebound 
effect; second, the light vehicle fuel efficiency targets; and third, the magnitude of the 
rebound effect induced by the proposed policy at the economy-wide level. 
With an appreciation of the theoretical foundation of household and firm responses to an 
energy efficiency improvement (Chapter 3), an awareness of the characteristics of the 
Australian light vehicle fleet (Chapter 4), and an understanding of the potential outcome of 
the proposed light vehicle emissions standards at an economy-wide level (Chapter 6), I am 
able to answer the most important question in which policymakers are interested: how could 
policymakers use the individual studies in this thesis to design the most feasible course of 
action that will move Australia in the right direction in tackling climate change in the transport 
sector?     
Unfortunately, according to the majority of scientists, the current policy remains inadequate 
to shift the existing trend in global climate changes that are predicted to be destructive to 
the entire human race in about thirty years’ time. As shown in the thesis, designing a policy 
that separates a sector from other sectors may have strong side effect. It also shows that 
life-cycle analysis is crucial in evaluating an energy or climate policy. The proposed light 
vehicle emissions standard is an example that illustrates that, when targeting only on 
improving the efficiency of light vehicles, the emissions from the transport sector may 
decrease but the emissions from other sectors may increase. More importantly, this outcome 
is based on the economic theory that all agents make use of the resources they have to 
maximise their utility. Even though it is not the only way to evaluate the outcome of a policy, 
this type of theoretical analysis is one way of provide insightful judgements in the policy 
process.   
The lessons learned in this thesis can be synthesised to offer policy recommendations. The 
focus on the rebound effect provides clear criteria to value outcomes of the proposed light 
vehicle emissions standard. Resources saved by adopting more fuel-efficient light vehicles 
increase the resources available for purchasing other goods or services, while total GHG 
emissions may not decrease as much as expected. However, I also recognise the difference 
between the rebound effect measured by percentage and by physical unit. As shown in 
Chapter 6, the stringent light vehicle emissions target exhibits the highest direct rebound 
effect measured as a percentage of the expected fuel savings, it actually delivers the largest 
GHG emissions in physical quantities at the economy-wide level. Therefore, I suggest that 
future studies consider the magnitude of the rebound effect at both the percentage and the 
physical measures. Three conclusions are reached in this thesis as follows. 
 219 
The first conclusion is that, using microeconomic theory alone, an energy efficiency 
improvement in either the household sector or industrial sector will lead to a rebound effect. 
Any exogenous or costless energy efficiency improvement can reduce the cost of running 
the energy consuming service. Economic agents, who seek highest utility given a budget 
constraint, could benefit from using more energy if the service is not treated as an inferior 
good. The rebound effect can provide the largest benefits to consumers. One main problem 
of the light vehicle fuel efficiency standard is that the policy that achieves the immediate 
savings in fuel use, as claimed by advocates, will then be relocated to the consumption of 
other goods and services, which may increase energy consumption. It is important to keep 
in mind that, even though the direct rebound effect is small, the indirect rebound effect 
measured by life-cycle analysis could be large, thereby offsetting the effectiveness of the 
proposed standard. 
The second conclusion describes conditions under which the rebound effect could reach 
zero, or even a negative amount, when energy efficiency standards are imposed. If 
policymakers desire to reach a reduction in direct fuel use without any rebound effects, direct 
or indirect included, standard targets should be set to a point where the marginal cost equals 
or is larger than the margin benefit. To find this optimal target, policymakers could examine 
the marginal abatement curve of the sector that is of interest and make full use of the trade-
offs between technology improvement and marginal costs. To illustrate this point, perhaps 
it helps to imagine that the exogenous fuel efficiency improvement will be 10% between 
2012 and 2025. The more stringent the mandatory standard is, the greater the margin cost 
will be. If, between 2012 and 2025, the target is set to a 50% improvement, assuming that 
the consumers will not switch to smaller cars to meet the target, they will instead have to 
choose the same model with higher efficiency to meet the target. Therefore, consumers bear 
the additional costs and the net benefit from the life cycle will become negative. 
The third and final conclusion of the thesis highlights the importance of considering the 
indirect and economy-wide rebound effects in policy analysis. Illustrated earlier in Chapter 
3, the indirect rebound effect from improved energy efficiency could lead to unexpected 
increases in GHG emissions in a specific economic agent. This is due to the recognition of 
the upstream and downstream emissions associated with every good and service. For 
example, consuming an apple does not generate GHG emissions immediately, but the 
production sector generates GHG emissions through the use of electricity, water and 
transport, etc. When consumers benefit from an energy efficiency improvement, the savings 
from the fuel use could be spent on other goods except fuel. Simulations in a CGE model 
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capture these effects and provide a tool to estimate the economy-wide rebound effect of all 
agents within an economy. As shown in the previous chapter, the direct rebound effect is of 
a magnitude of less than 30%, whereas the economy-wide rebound effect reaches up to 
50%. These results indicate that policymakers need to be aware that the proposed light 
vehicle emissions standard may only reach half of the desired result in GHG emissions 
reduction. Taking into account the rebound effect of a light vehicle emissions standard, it is 
important to take actions to reduce the rebound effect, when possible, by setting a stringent 
target or by combining the standard with alternative policy instruments that impose additional 
costs to either manufacturers or consumers.  
These recommendations serve as advice for policymakers to understand the effect of the 
proposed light vehicle emissions standards comprehensively. Although it seems that the 
proposed policy may not provide the expected result, it does not mean that this type of policy 
should be avoided. In fact, it may be a great starting point and the effectiveness could be 
improved by revisiting and tightening targets over time. 
This thesis has offered several discussions for the current proposed light vehicle fuel 
efficiency standards under the unique policy situation in Australia, which is the only country 
in the developed world that does not impose a mandatory standard on fuel efficiency. 
Although Australia has promised to reduce GHG emissions by a significant proportion on a 
per capita basis in the Paris Agreement, concrete actions are lagging behind to reaching 
this target. The proposed light vehicle fuel efficiency standards could serve as an important 
stepping stone in moving away from the status quo to the desired destination, even in the 
presence of the rebound effect. For a policy such as this, Australian motorists could benefit 
in two ways. First, there will be more options for more fuel-efficient variants and models in 
the auto markets. Second, these individuals could benefit from the rebound effect. The 
rebound effect, on one hand, will reduce the expected fuel savings and, at an economy-wide 
level, may not achieve the expected GHG emissions reduction; on the other hand, they will 
lead to net benefit for consumers and firms as their wealth improves. To eliminate the 
rebound effect, gradually tightening the target, as well as revisiting the effect of this policy 
approach are essential as the net benefit will decrease to zero or even negative, leaving no 
savings for motorists to cause the indirect rebound effect. Another important aspect of 
understanding the proposed light vehicle emissions standards involves the life-cycle 
emissions of electric vehicles. Unlike claimed as zero emissions, electric vehicles emit more 
or less the same amount of GHG taking into account the emissions from electricity 
production. At this stage, electricity production in Australia still relies heavily on coal, which 
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means that the GHG emissions from generating electricity are significant. However, as 
Australia is moving toward cleaner electricity production electric vehicles may serve as a 
solution in the future. Above all, it is crucial that policymakers do not expect to accomplish 
a significant reduction in GHG emissions simply by introducing a mandatory standard on 
fuel efficiency or GHG emissions, due to life-cycle emissions as well as rebound effects at 
various scopes of improved fuel efficiency.  
“A journey of a thousand miles begins with a single step”(Laozi et al. 2007). To achieve the 
ambitious GHG emissions reduction target, gradual but persistent efforts, beginning with 
today’s policy proposal, are essential for Australia to take responsibility to help mitigate 
global climate change. Over the long term, with a more stringent light vehicle emissions 
target, together with other politically feasible tools, it is possible to ensure that petrol 
consumption and GHG emission reductions are reduced as expected on the economy-wide 
level, even at the global level. The wished-for light vehicle fuel efficiency standards, that 
meet the least political obstacles compared to more direct options will, over time, put 
Australian climate policy on track to a road of sustainability.   
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Appendix A: Derivation of the Equations in Consumer Theory 
Here I describe in detail how the equations are derived from the consumer theory in Chapter 
2. 
A.1 Derivation of the demand equation in percentage change form. 
Given the utility maximisation problem as follows,  
 max  𝑈(𝑿) 
 
 
 𝑠. 𝑡. 𝑃′ ∙ 𝑿 ≤ 𝑌 
 
(A1.1) 
The Marshallian demand function can be expressed as a function of price and income, 
 𝑋𝑖 = 𝑋𝑖(𝑷
′, 𝑌) 
 
(A1.2) 
Totally differentiate the above equation yields 
 
𝑑𝑋𝑖 = Σ𝑘=1
𝑛 𝜕𝑋𝑖(𝑷
′, 𝑌)
𝜕𝑃𝑘
𝑑𝑃𝑘 +
𝜕𝑋𝑖(𝑷
′, 𝑌)
𝜕𝑌
𝑑𝑌𝑖 
 
(A1.3) 
Dividing 𝑋𝑖 on both sides of the above equation gives the demand equation in percentage 
change form. Rearranging the equation gives the following demand function represented in 
the elasticity form, 
 𝑥𝑖 = Σ𝑘=1
𝑛 𝜂𝑖,𝑘𝑝𝑖 + 𝜖𝑖𝑦𝑖 
 
(A1.4) 
where 𝑥𝑖 =
𝑑𝑋𝑖
𝑋𝑖
, 𝑝𝑖 =
𝑑𝑃𝑖
𝑃𝑖
, 𝑦 =
𝑑𝑌
𝑌
 and 𝜂𝑖,𝑘 is the cross-price elasticity which equals 
𝜕𝑋𝑖(𝑷
′,𝑌)
𝜕𝑃𝑘
𝑃𝑘
𝑋𝑖
 
and 𝜖𝑖 is the income elasticity which equals 
𝜕𝑋𝑖(𝑷
′,𝑌)
𝜕𝑌
𝑌
𝑋𝑖
. In words, the percentage change in 
demand for 𝑋𝑖 is decomposed into the substitution effect and the income effect.  
A.2 Derivation of the Relationship between own-price elasticity, elasticity of 
substitution, and income elasticity. 
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The Lagrangian for the utility maximisation problem is as follows, 
 𝑳 =  𝑈(𝑿) + 𝜙(𝒀 − 𝑃′ ∙ 𝑿) 
 
(A1.5) 
The first order conditions are 
 𝜕𝑈(𝑿)
𝜕𝑋𝑖
= 𝜙𝑃𝒊 
 
(A1.6) 
Totally differentiating the utility function gives 
 
𝑑𝑈 = Σ𝑖=1
𝑛 𝜕𝑈(𝑿)
𝜕𝑋𝑖
𝑑𝑋𝑖 
 
(A1.7) 
Substituting equation (A.6) into the above equation gives 
 𝑑𝑈 = Σ𝑖=1
𝑛 𝜙𝑷𝒊𝑑𝑋𝑖 
 
(A1.8) 
 
Rearranging yields 
 𝑑𝑈 = 𝜙𝑌Σ𝑖=1
𝑛 𝑆𝑖𝑥𝑖 
 
(A1.9) 
Where 𝑆𝑖 is the budget share of 𝑋𝑖, which equals to 
𝑃𝑖𝑋𝑖
𝑌
. 
If utility remains constant, the budget share-weighted sum of consumption change must 
equal zero, 
 𝑑𝑈 = 0 ⟺ Σ𝑖=1
𝑛 𝑆𝑖𝑥𝑖 = 0 
 
(A1.10) 
Totally differentiating the budget constraint and representing it in the form of percentage 
change gives 
 Σ𝑖=1
𝑛 𝑆𝑖(𝑥𝑖 + 𝑝𝑖) = 𝑦 (A1.11) 
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Substituting (A.10) into (A.11) implies that, for utility to remain constant, income must vary 
with the budget share-weighted sum of prices Σ𝑖=1
𝑛 𝑆𝑖𝑝𝑖 . This is the value of the money 
transfer required to hold utility constant when prices change. Therefore, the compensated 
income elasticity of demand can be represented as 
 𝜂𝑖,𝑘
ℎ = 𝜂𝑖.𝑘 + 𝑆𝑘𝜖𝑖 
 
(A1.12) 
Where 𝜂𝑖.𝑘 is the uncompensated price elasticity and 𝑆𝑘 is the amount of income required to 
compensate the household for a 1% change in 𝑝𝑘. Since the compensated price elasticity, 
𝜂𝑖,𝑘
ℎ , captures the behaviour of utility-constant demands, it can be related to the second 
derivative of the expenditure function: 
 
𝜂𝑖,𝑘
ℎ = 𝐸𝑖𝑘(𝑷′, 𝑈)(
𝑃𝑘
𝑋𝑖
) 
 
(A1.13) 
Furthermore, the Allen partial elasticities of substation in consumption is  
 
𝜎𝑖,𝑘 = 𝜂𝑖,𝑘
ℎ /𝑆𝑘 = 𝐸𝑖𝑘(𝑷′, 𝑈)(
𝑃𝑘
𝑋𝑖
)/(
𝑃𝑘𝑋𝑘
𝑌
) 
 
(A1.14) 
Substituting out 𝜂𝑖,𝑘
ℎ  by 𝑆𝑘𝜎𝑖,𝑘 in (A.12) give the relationship between the uncompensated 
price elasticity, elasticity of substitution, and income elasticity as follows, 
 
𝜎𝑖,𝑘 = 𝜂𝑖,𝑘
ℎ /𝑆𝑘 = 𝐸𝑖𝑘(𝑷′, 𝑈)(
𝑃𝑘
𝑋𝑖
)/(
𝑃𝑘𝑋𝑘
𝑌
) 
 
(A1.15) 
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A.2 Derivation of the demand function and elasticities of the Cobb-Douglas utility 
function. 
The Cobb-Douglas utility function can be expressed as 
𝑈 = 𝑈(𝑋1, 𝑋2, … , 𝑋𝑛) = ∏ 𝐶𝑖
𝛼𝑖
𝑛
𝑖=1
 
Assuming constant returns to scale means that 
∑ 𝛼𝑖 = 1
𝑛
𝑖=1
 
The demand function comes from the consumer’s utility maximisation problem, such as 
presented by (A.1). 
 max  𝑈(𝑿) 
 
 
 𝑠. 𝑡. 𝑃′ ∙ 𝑿 ≤ 𝑌 
 
(A2.1) 
Setting up the Lagrangian and the first order conditions are 
 
𝛼𝑖𝑋𝑖
−1 ∏ 𝑋𝑖
𝛼𝑖
𝑛
𝑖=1
= 𝜆𝑃𝑖 
 
(A2.2) 
Summing over 𝑖 yields 
 
∑ 𝛼𝑖 ∏ 𝑋𝑖
𝛼𝑖
𝑛
𝑖=1
𝑛
𝑖=1 𝑖
= ∑ 𝜆𝑃𝑖𝑋𝑖
𝑛
𝑖=1
 
 
(A2.3) 
Therefore, the multiplier can be represented as 
 
𝜆 =
∏ 𝑋𝑖
𝛼𝑖𝑛
𝑖=1
𝑌
 
(A2.4) 
 237 
 
Substituting 𝜆  by (A.17) into (A.16) gives the demand function, or the Marshallian 
uncompensated demand function, 
 
𝑋𝑖 = 𝑋𝑖(𝑃1, 𝑃2, … , 𝑃3, 𝑌) =
𝛼𝑖𝑌
𝑃𝑖
 
 
(A2.5) 
The demand function can be linearised by totally differentiating both sides, which gives 
 𝑥𝑖 = 𝑦𝑖 − 𝑝𝑖 
 
(A2.6) 
where 𝑥𝑖 =
𝑑𝑋𝑖
𝑋𝑖
, 𝑝𝑖 =
𝑑𝑃𝑖
𝑃𝑖
, 𝑦 =
𝑑𝑌
𝑌
. Note that the constant becomes zero after differentiating.  
The indirect utility function can be derived by substituting the demand function (A.18) into 
the utility function (A.1) as follows, 
 
𝑉 = 𝑉(𝑃1, 𝑃2, … , 𝑃3, 𝑌) = ∏ (
𝛼𝑖𝑌
𝑃𝑖
)
𝛼𝑖
𝑛
𝑖=1
= 𝑌 ∏ (
𝛼𝑖
𝑃𝑖
)
𝛼𝑖
𝑛
𝑖=1
 
(A2.7) 
Using the same total differentiation trick, the linearised utility function is 
 
𝑣 = 𝑦 − ∑ 𝛼𝑖𝑝𝑖
𝑛
𝑖=1
 
(A2.8) 
It is useful to construct the price index for the utility, which will help with the linearisation 
simplification. Define the price index as the price of the utility, or the total budget divided by 
the utility, which gives the dollar value per unit of utility. 
 
𝑃𝑎𝑣𝑒 =
𝑌
𝑉
= ∏ (
𝛼𝑖
𝑃𝑖
)
−𝛼𝑖
𝑛
𝑖=1
 
(A2.9) 
In linearised form, the price index 𝑃𝑎𝑣𝑒 is  
 
𝑝𝑎𝑣𝑒 = ∑ 𝛼𝑖𝑝𝑖
𝑛
𝑖=1
 
(A2.10) 
Note that the price index 𝑃𝑎𝑣𝑒 is also the budget share weighted prices of all commodities in 
the Cobb-Douglas case because the budget share 𝑆𝑖 equals 𝛼𝑖. Therefore, 
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𝑝𝑎𝑣𝑒 = ∑ 𝑆𝑖𝑝𝑖
𝑛
𝑖=1
 
(A2.11) 
Then the linearised utility function can be rewritten as   
 
𝑣 = 𝑦 − 𝑝𝑎𝑣𝑒 = 𝑦 − ∑ 𝑆𝑖𝑝𝑖
𝑛
𝑖=1
 
(A2.12) 
Next I derive the following six elasticities that are used in the thesis: own-price elasticity, 
cross-price elasticity, income elasticity, elasticity of substitution, Hicksian own-price 
elasticity and the Hicksian cross-price elasticity. The derivations are listed in the table as 
follows. 
Elasticities Expressions 
own-price elasticity (𝜂𝑖,𝑖) 𝜕𝑋𝑖
𝑋𝑖
𝜕𝑃𝑖
𝑃𝑖
= −
𝛼𝑖𝑌𝑃𝑖
𝑃𝑖
2𝑋𝑖
= −1 
cross-price elasticity (𝜂𝑖,𝑘) 𝜕𝑋𝑖
𝑋𝑖
𝜕𝑃𝑘
𝑃𝑘
= 0 
cross-price elasticity (𝜂𝑘,𝑖) 𝜕𝑋𝑘
𝑋𝑘
𝜕𝑃𝑖
𝑃𝑖
= 0 
income elasticity 𝜕𝑋𝑖
𝑋𝑖
𝜕𝑌
𝑌
=
𝛼𝑖𝑌
𝑃𝑖𝑋𝑖
= 1 
elasticity of substitution 1 
Hicksian own-price elasticity (𝜂𝑖,𝑖
ℎ ) 𝛼𝑖 − 1 
Hicksian cross-price elasticity (𝜂𝑖,𝑘
ℎ ) 𝛼𝑗 
Hicksian cross-price elasticity (𝜂𝑘,𝑖
ℎ ) 𝛼𝑖 
The compensated, or Hicksian, elasticities are derived from the dual problem of the 
consumer’s utility maximisation problem. Instead of maximising the utility, the consumer can 
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think of minimising the cost subject to achieving a minimum utility. Therefore, the dual 
problem can be written as 
 min  Σ𝑖=1
𝑛 𝑃𝑖𝑋𝑖  
 
𝑠. 𝑡. ∏ 𝑋𝑖
𝛼𝑖
𝑛
𝑖=1
= 1 
(A2.13) 
The first order conditions associated with this optimisation problems are  
 
𝑃𝑖 − 𝜆𝑈𝑋𝑖
′ = 𝑃𝑖 − 𝜆𝛼𝑖𝑋𝑖
−1 ∏ 𝑋𝑖
𝛼𝑖
𝑛
𝑖=1
= 0 
(A2.14) 
Multiplying 𝑋𝑖 on both sides of the equation and summing over 𝑖 gives 
 
Σ𝑖=1
n 𝑃𝑖𝑋𝑖 = 𝜆𝛼𝑖 ∏ 𝑋𝑖
𝛼𝑖
𝑛
𝑖=1
= 𝜆𝑈(𝑋1, … , 𝑋𝑛) 
(A2.15) 
Solving for 𝜆, we find that it equals the price index defined earlier as the cost per unit of 
utility. 
 
𝜆 =
Σ𝑖=1
n 𝑃𝑖𝑋𝑖
𝑈(𝑋1, … , 𝑋𝑛)
≡ 𝑃𝑎𝑣𝑒 
(A2.16) 
The expenditure function, therefore, can be expressed as the product of the price index and 
the utility. 
 
𝐸(𝑃1, 𝑃2, … , 𝑃𝑛, 𝑈) = 𝑃𝑎𝑣𝑒(𝑃1, 𝑃2, … , 𝑃𝑛)𝑈 = 𝑈 ∏ (
𝛼𝑖
𝑃𝑖
)
−𝛼𝑖
𝑛
𝑖=1
 
(A2.17) 
By Shephard’s lemma, the Hicksian (compensated) demand function can be found by 
differentiating the expenditure with respect to price, 
 
𝑋𝑖
ℎ(𝑃1, 𝑃2, … , 𝑃𝑛, 𝑈) =
𝜕𝐸(𝑃1, 𝑃2, … , 𝑃𝑛, 𝑈)
𝜕𝑃𝑖
=
𝛼𝑖𝐸(𝑃1, 𝑃2, … , 𝑃𝑛, 𝑈)
𝑃𝑖
 
(A2.18) 
The Hicksian own-price elasticity can be derived as  
 𝜕𝑋𝑖
ℎ
𝑋𝑖
ℎ
𝜕𝑃𝑖
𝑃𝑖
= 𝑈𝛼𝑖(𝛼𝑖 − 1)𝑃𝑖
−2 ∏ (
𝛼𝑖
𝑃𝑖
)
−𝛼𝑖 𝑃𝑖
𝑋𝑖
ℎ
𝑛
𝑖=1
= 𝛼𝑖 − 1 
(A2.19) 
Similarly, the compensated cross-price elasticity can be found as 
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 𝜕𝑋𝑖
ℎ
𝑋𝑖
ℎ
𝜕𝑃𝑘
𝑃𝑘
= 𝑈𝛼𝑖𝛼𝑘𝑃𝑖
−1𝑃𝑘
−1 ∏ (
𝛼𝑖
𝑃𝑖
)
−𝛼𝑖 𝑃𝑘
𝑋𝑖
ℎ
𝑛
𝑖=1
= 𝛼𝑘 
(A2.20) 
 
and  
 𝜕𝑋𝑘
ℎ
𝑋𝑘
ℎ
𝜕𝑃𝑖
𝑃𝑖
= 𝑈𝛼𝑖𝛼𝑘𝑃𝑖
−1𝑃𝑘
−1 ∏ (
𝛼𝑘
𝑃𝑘
)
−𝛼𝑘 𝑃𝑖
𝑋𝑘
ℎ
𝑛
𝑖=1
= 𝛼𝑖 
(A2.21) 
Next, I derive the elasticity of substitution of the Cobb-Douglas utility function. The elasticity 
of substitution (𝜎𝑖,𝑘), measures the percentage change in the relative consumption of two 
goods in response to a change in the relative prices of this pair of goods (𝑀𝑅𝑆𝑖,𝑘). The 
equation for 𝑀𝑅𝑆𝑖,𝑘 (or 𝜎𝑖,𝑘) can be written as follows, 
 
𝜎𝑖,𝑘 =
−𝜕(
𝑋𝑖
𝑋𝑘
)𝑀𝑅𝑆𝑖,𝑘
𝜕𝑀𝑅𝑆𝑖,𝑘(
𝑋𝑖
𝑋𝑘
)
 
(A2.22) 
where 
 
𝑀𝑅𝑆𝑖,𝑘 =
𝜕𝑈/𝜕𝑋𝑖
𝜕𝑈/𝜕𝑋𝑘
 
(A2.23) 
By the first order condition, 𝑀𝑅𝑆𝑖,𝑘 = −
𝑃𝑗
𝑃𝑖
. 
In the Cobb-Douglas utility function, 
 
𝑀𝑅𝑆𝑖,𝑘 =
𝜕𝑈/𝜕𝑋𝑖
𝜕𝑈/𝜕𝑋𝑘
=
𝛼𝑖𝑋𝑘
𝛼𝑘𝑋𝑖
 
(A2.24) 
Substituting equation (A.35) into (A.33) gives 
 
𝜎𝑖,𝑘 =
−𝜕(
𝑋𝑖
𝑋𝑘
)
𝛼𝑖𝑋𝑘
𝛼𝑘𝑋𝑖
𝜕(
𝛼𝑖𝑋𝑘
𝛼𝑘𝑋𝑖
)(
𝑋𝑖
𝑋𝑘
)
=
𝛼𝑘
𝛼𝑖
(
𝑋𝑖
𝑋𝑘
)
𝛼𝑖
𝛼𝑘
(
𝑋𝑘
𝑋𝑖
)
2
= 1 
 
(A2.25) 
Therefore, the elasticity of substitution is a constant equal to one for the Cobb-Douglas case. 
A.3 Derivation of the demand function and elasticities of the CES utility function. 
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First, I derive the constant elasticity of substitution from the CES utility function. Suppose 
the utility function is of the constant elasticity of substitution form as follows, 
 
𝑈 = (Σ𝑖=1
n 𝛽𝑖𝑋𝑖
𝜎−1
𝜎 )
𝜎
𝜎−1
 
 
(A3.1) 
Given the definition of 𝑀𝑅𝑆𝑖,𝑘, we can find that in the CES case, 
 
𝑀𝑅𝑆𝑖,𝑘 =
(
𝜎
𝜎 − 1) (Σ𝑖=1
n 𝛽𝑖𝑋𝑖
𝜎−1
𝜎 )
1
𝜎−1
(
𝜎 − 1
𝜎 )𝛽𝑖𝑋𝑖
−1
𝜎
(
𝜎
𝜎 − 1) (Σ𝑖=1
n 𝛽𝑖𝑋𝑖
𝜎−1
𝜎 )
1
𝜎−1
(
𝜎 − 1
𝜎 )𝛽𝑘𝑋𝑘
−1
𝜎
=
𝛽𝑖
𝛽𝑘
(
𝑋𝑘
𝑋𝑖
)
1
𝜎
 
(A3.2) 
The elasticity of substitution, therefore, can be derived as follows, 
 
𝜎𝑖,𝑘 =
−𝜕(
𝑋𝑖
𝑋𝑘
)𝑀𝑅𝑆𝑖,𝑘
𝜕𝑀𝑅𝑆𝑖,𝑘(
𝑋𝑖
𝑋𝑘
)
= −
[−
1
𝜎
𝛽𝑖
𝛽𝑘
(
𝑋𝑖
𝑋𝑘
)
−1
𝜎 −1
]
−1
𝛽𝑖
𝛽𝑘
(
𝑋𝑖
𝑋𝑘
)
−1
𝜎
𝑋𝑖
𝑋𝑘
= 𝜎 
(A3.3) 
 
Given the same budget constraint, the Lagrangian is shown as follows, 
 
𝑳 = (Σ𝑖=1
n 𝛽𝑖𝑋𝑖
𝜎−1
𝜎 )
𝜎
𝜎−1
+ 𝜙(𝒀 − 𝑃′ ∙ 𝑿) 
 
(A2.4) 
The associated first order conditions are 
 
𝛽𝑖𝑋𝑖
−
1
𝜎 (Σ𝑖=1
n 𝛽𝑖𝑋𝑖
𝜎−1
𝜎 )
𝜎
𝜎−1
= 𝜙𝑃𝒊 
 
(A3.5) 
Hence, 
 𝑃𝒊
𝑃𝑘
=
𝛽𝒊
𝛽𝑘
(
𝑋𝑘
𝑋𝑖
)
1
𝜎
, 
(A3.6) 
Therefore,  
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𝑀𝑅𝑆𝑖,𝑘 =
𝜕𝑈/𝜕𝑋𝑖
𝜕𝑈/𝜕𝑋𝑘
= −
𝑃𝑖
𝑃𝑘
 
(A3.7) 
So,  
 
𝜎𝑖,𝑘 =
−𝜕(
𝑋𝑖
𝑋𝑘
)𝑀𝑅𝑆𝑖,𝑘
𝜕𝑀𝑅𝑆𝑖,𝑘(
𝑋𝑖
𝑋𝑘
)
=
−𝜕(
𝑋𝑖
𝑋𝑘
)(−
𝑃𝑖
𝑃𝑘
)
𝜕(−
𝑃𝑖
𝑃𝑘
)(
𝑋𝑖
𝑋𝑘
)
= 𝜎 
(A3.8) 
 
Next, I derive the Hicksian demand function and then the Marshallian demand function by 
the Roy’s identity. The procedure may not be orthodox but it helps with the linearisation. 
First, I set up the cost minimisation problem as follows, 
 min  Σ𝑖=1
𝑛 𝑃𝑖𝑋𝑖  
 
𝑠. 𝑡. 𝑈(𝑋1, … 𝑋𝑛) = (Σ𝑖=1
n 𝛽𝑖𝑋𝑖
𝜎−1
𝜎 )
𝜎
𝜎−1
= 1 
(A3.9) 
The first order condition implies that  
 𝑃𝑖 = 𝜆𝑈𝑋𝑖
′ (𝑋1, … 𝑋𝑛) (A3.10) 
As the CES utility function is homogenous of degree 1, the utility function can be represented 
as 
 𝑈(𝑋1, … 𝑋𝑛) = Σi=1
n 𝑈𝑋𝑖
′ (𝑋1, … 𝑋𝑛)𝑋𝑖 (A3.11) 
Multiplying 𝑋𝑖 on both sides of equation (A.46) and summing over 𝑖, then substituting (A.47) 
in (A.46) gives 
 Σi=1
n 𝑃𝑖𝑋𝑖 = 𝜆Σi=1
n 𝑈𝑋𝑖
′ (𝑋1, … 𝑋𝑛)𝑋𝑖 = 𝜆𝑈(𝑋1, … 𝑋𝑛) (A3.12) 
 
𝜆 therefore, is the price index, or the cost per unit of utility. 
 
𝜆 =
Σi=1
n 𝑃𝑖𝑋𝑖
𝑈(𝑋1, … 𝑋𝑛)
≡ 𝑃𝑎𝑣𝑒 
(A3.13) 
Now go back to (A.46) to derive the Hicksian demand function by substituting 𝜆 into (A.46). 
 𝑃𝑖 = 𝑃𝑎𝑣𝑒𝑈𝑋𝑖
′ (𝑋1, … 𝑋𝑛) (A3.14) 
Rearranging the above equation gives the following demand function, 
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𝑋𝑖 = (
𝑃𝑖
𝑃𝑎𝑣𝑒
)
−𝜎
𝛽𝑖
𝜎𝑈(𝑋1, … 𝑋𝑛) 
(A3.15) 
Substituting (A.50) back into (A.48) and rearranging gives the price index as a function of 
prices. 
 
𝑃𝑎𝑣𝑒 = 𝑃𝑎𝑣𝑒(𝑋1, … 𝑋𝑛) = (Σ𝑖=1
n 𝛽𝑖
𝜎𝑃𝑖
1−𝜎)
1
1−𝜎 
(A3.16) 
Totally differentiating the above equation and dividing 𝑃𝑎𝑣𝑒  on both sides gives the 
percentage change form of the price index, 
 𝑝𝑎𝑣𝑒 = Σ𝑖=1
n 𝑆𝑖𝑝𝑖 (A3.17) 
where  
 
𝑆𝑖 =
𝛽𝑖
𝜎𝑃𝑖
1−𝜎
Σ𝑖=1
n 𝛽𝑖
𝜎𝑃𝑖
1−𝜎 = 𝛽𝑖
𝜎 (
𝑃𝑖
𝑃𝑎𝑣𝑒
)
1−𝜎
 
(A3.18) 
The indirect utility function can be represented by the budget constraint divided by the price 
index as follows, 
 
𝑉(𝑃1, … 𝑃𝑛, 𝑌) =
𝑌
(Σ𝑖=1
n 𝛽𝑖
𝜎𝑃𝑖
1−𝜎)
1
1−𝜎
 
(A3.19) 
By Roy’s identity, the Marshallian demand function is  
 
𝑋𝑖(𝑃1, … 𝑃𝑛, 𝑌) =
𝜕𝑉(𝑃1, … 𝑃𝑛, 𝑌)
𝜕𝑃𝑖
𝜕𝑉(𝑃1, … 𝑃𝑛, 𝑌)
𝜕𝑌
= 𝛽𝑖
𝜎(𝑃𝑖/𝑃𝑎𝑣𝑒)
−𝜎𝑌/𝑃𝑎𝑣𝑒 
(A3.20) 
Substituting 𝑋𝑖(𝑃1, … 𝑃𝑛, 𝑌) in (A.56) into the budget share equation below, we can find that 
𝑆𝑖 is the budget share of good 𝑖. 
 𝑃𝑖𝑋𝑖(𝑃1, … 𝑃𝑛, 𝑌)
𝑌
= 𝛽𝑖
𝜎(𝑃𝑖/𝑃𝑎𝑣𝑒)
1−𝜎 = 𝑆𝑖 
(A3.21) 
The demand function in percentage change form can be written as 
 𝑥𝑖(𝑝, … 𝑝, 𝑦) = −𝜎(𝑝𝑖 − 𝑝𝑎𝑣𝑒) + 𝑦 − 𝑝𝑎𝑣𝑒 (A3.22) 
The compensated demand function in percentage change form is  
 𝑥𝑖
ℎ(𝑝, … 𝑝, 𝑢) = −𝜎(𝑝𝑖 − 𝑝𝑎𝑣𝑒) + 𝑢 (A3.23) 
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Next I derive the elasticities of the CES utility function. I use an unconventional but simple 
way to derive the elasticities. The results are the same as those derived from the 
conventional approach. Recall equation (A.4), where the demand function can be 
represented as the own-price elasticity times the own-price change plus the sum over cross-
price elasticities times the cross-price change plus the income elasticity times the income 
change.   
 𝑥𝑖 = Σ𝑘=1
𝑛 𝜂𝑖,𝑘𝑝𝑖 + 𝜖𝑖𝑦𝑖 
 
(A3.24) 
(A.58) can be rewritten as follows to find the corresponding elasticities, 
 𝑥𝑖(𝑝, … 𝑝, 𝑦) = [−𝜎 + (𝜎 − 1)𝑆𝑖]𝑝𝑖 + Σ𝑘≠𝑖(𝜎 − 1)𝑆𝑘𝑝𝑘 + 𝑦 (A3.25) 
Therefore, it is obvious that the own-price elasticity, the cross-price elasticity and the income 
elasticity are the coefficients adjacent to 𝑝𝑖, 𝑝𝑘 and 𝑦. 
The Hicksian elasticities can be obtained from the linearised Hicksian demand function in 
(A.59) in a similar manner. Rewrite the Hicksian demand function as 
 𝑥𝑖
ℎ(𝑝, … 𝑝, 𝑢) = 𝜎(𝑆𝑖 − 1)𝑝𝑖 + 𝜎𝑆𝑘𝑝𝑘 + 𝑢 (A3.26) 
Similarly, the coefficients of each variable represent the corresponding elasticity. The table 
below provides a summary of the elasticities of the CES utility function. 
Elasticities Expressions 
own-price elasticity (𝜂𝑖,𝑖) −𝜎 + (𝜎 − 1)𝑆𝑖 
cross-price elasticity (𝜂𝑖,𝑘) (𝜎 − 1)𝑆𝑘 
cross-price elasticity (𝜂𝑘,𝑖) (𝜎 − 1)𝑆𝑖 
income elasticity 1 
elasticity of substitution 𝜎 
Hicksian own-price elasticity (𝜂𝑖,𝑖
ℎ ) 𝜎(𝑆𝑖 − 1) 
Hicksian cross-price elasticity (𝜂𝑖,𝑘
ℎ ) 𝜎𝑆𝑘 
Hicksian cross-price elasticity (𝜂𝑘,𝑖
ℎ ) 𝜎𝑆𝑖 
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A.4 Derivation of the demand function for the nested CES case 
Suppose the household utility function is of the nested CES form. On the top nest, the 
consumer consumes two final goods 𝑍1 and 𝑍2. Good 𝑍1 is produced inside the household 
by a CES function combining good 𝑋1  and 𝑋2 . The utility maximisation problem of this 
household given such production process is given by 
 
max 𝑈(𝑍1, 𝑍2) = (𝛽𝐴𝑍1
𝜎−1
𝜎 + 𝛽3𝑍2
𝜎−1
𝜎 )
𝜎
𝜎−1
 
𝑠. 𝑡. 𝑍1(𝑋1, 𝑋2) = (𝛽1𝑋1
𝜎1−1
𝜎1 + 𝛽2𝑋2
𝜎1−1
𝜎1 )
𝜎1
𝜎1−1
  
𝑍2 = 𝑋3 
𝑃1𝑋1 + 𝑃2𝑋2 + 𝑃3𝑋3 = 𝑌 
(A4.1) 
First I derive the price indices of the bundle of the final goods and good 𝑍1. The derivation 
is the same as A(3.16) which yields results as follows 
 
?̅? = (𝛽𝐴
𝜎𝑃𝐴
1−𝜎 + 𝛽3
𝜎𝑃3
1−𝜎)
1
1−𝜎 
𝑝𝐴 = (𝛽1
𝜎1𝑃1
1−𝜎1 + 𝛽2
𝜎1𝑃2
1−𝜎1)
1
1−𝜎1 
(A4.2) 
In percentage change form, the price indices for the whole consumption bundle and for the 
sub-nest represented by 𝐴 can be expressed as follows, 
 ?̅? = 𝑆𝐴𝑝𝐴 + 𝑆3𝑝3 
𝑝𝐴 = 𝑆1𝑝1 + 𝑆2𝑝2 
 
(A4.3) 
where 𝑆𝐴 and 𝑆3 are the cost share of final consumption of 𝑍1 and 𝑍2, respectively; 𝑆1 and 
𝑆2 are the cost share of the consumption of “intermediate inputs” 𝑋1 and 𝑋2 in the budget 
spent on 𝑍1, respectively. 
Substituting 𝑝𝐴 into ?̅? gives 
 ?̅? = 𝑆𝐴𝑆1𝑝1 + 𝑆𝐴𝑆2𝑝2 + 𝑆3𝑝3 
 
(A4.3) 
Next I derive the indirect utility function as follows, 
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𝑈(𝑃1, 𝑃2, 𝑃3, 𝑌) =
𝑌
?̅?
=
𝑌
𝑆𝐴𝑝𝐴 + 𝑆3𝑝3
 
(A4.4) 
 
In percentage change form, this indirect utility function could be expressed as 
 𝑢 = 𝑦 − 𝑝 = 𝑦 − (𝑆𝐴𝑝𝐴 + 𝑆3𝑝3) (A4.5) 
The uncompensated demand function could be found by Roy’s identity. 
 
𝑍2 = 𝑋3 =
𝜕𝑈
𝜕𝑃3
𝜕𝑈
𝜕𝑌
= 𝛽3
𝜎 (
𝑃3
?̅?
)
−𝜎 𝑌
?̅?
  
𝑋1 = 𝛽1
𝜎1𝛽𝐴
𝜎 (
𝑃1
𝑃𝐴
)
−𝜎1
(
𝑃𝐴
?̅?
)
−𝜎 𝑌
?̅?
 
𝑋2 = 𝛽2
𝜎1𝛽𝐴
𝜎 (
𝑃2
𝑃𝐴
)
−𝜎1
(
𝑃𝐴
?̅?
)
−𝜎 𝑌
?̅?
 
 
(A4.5) 
Equivalently, the demand function could be rewritten in the percentage change form as 
follows, 
 𝑧3 = 𝑥3 = 𝑦 − ?̅? − 𝜎(𝑝3 − ?̅?)  
𝑥1 = 𝑦 − ?̅? − 𝜎1(𝑝1 − 𝑝𝐴) − 𝜎(𝑝𝐴 − ?̅?) 
𝑥1 = 𝑦 − ?̅? − 𝜎1(𝑝2 − 𝑝𝐴) − 𝜎(𝑝𝐴 − ?̅?) 
 
(A4.5) 
A.5 Derivation of the zero profit condition. 
Begin with a general single output production function.  
 𝑄 = 𝑓(𝑋1, … , 𝑋𝑛) (A5.1) 
Totally differentiating the above equation gives 
 
𝑑𝑄 =
𝜕𝑓
𝜕𝑋1
𝑑𝑋1 + ⋯ +
𝜕𝑓
𝜕𝑋𝑛
𝑑𝑋𝑛 
(A5.2) 
Denote the first partial derivative 
𝜕𝑓
𝜕𝑋𝑖
by 𝑓𝑖. Therefore, 
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 𝑑𝑄 = Σ𝑖=1
𝑛 𝑓𝑖𝑑𝑋1 (A5.3) 
The first order condition of the cost minimisation problem implies 𝑃𝑖 = 𝜆𝑓𝑖, where 𝑃𝑖 is the 
price of intermediate input 𝑖, 𝜆 is the Lagrangian multiplier which can be interpreted as the 
extra cost to the firm of producing one more unit of output. In a perfectly competitive market, 
the price of output 𝑃 is driven down by entry and exit of firms until it equals 𝜆 in equilibrium. 
Therefore, 
 𝑃𝑖 = 𝑃𝑓𝑖 (A5.4) 
Or,  
 
𝑓𝑖 =
𝑃𝑖
𝑃
 
(A5.5) 
Substituting (A5.5) into (A5.3) yields 
 
𝑑𝑄 = Σ𝑖=1
𝑛 𝑃𝑖
𝑃
𝑑𝑋1 
(A5.6) 
Multiplying the terms 𝑋𝑖/𝑋𝑖 on the right hand side of the equation above and dividing both 
sides by 𝑄 gives 
 𝑑𝑄
𝑄
= Σ𝑖=1
𝑛 𝑃𝑖𝑋𝑖
𝑃𝑄
𝑑𝑋𝑖
𝑋𝑖
  
(A5.7) 
The above expression can be rewritten by the percentage terms as 
 𝑞 = Σ𝑖=1
𝑛 𝑆𝑖𝑥𝑖  (A5.8) 
Where 𝑞 is the percentage change in output, 𝑆𝑖 is the share of input 𝑖 in total costs, and 𝑥𝑖 
is the percentage change of demand for input 𝑖. 
The zero profit condition means that the competitive entry and exit in an industry will drive 
the industry to zero profit equilibrium, such that, 
 𝑃𝑄 = Σ𝑖=1
𝑛 𝑃𝑖𝑋𝑖  (A5.9) 
Total differentiating the above equation then dividing both sides by 𝑃𝑄 gives 
 𝑝 + 𝑞 =  Σ𝑖=1
𝑛 𝑆𝑖(𝑝𝑖 + 𝑥𝑖) (A5.10) 
Substituting the equation (A5.8) into (A5.10) yields the zero profit condition expressed by 
the price terms. 
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 𝑝 =  Σ𝑖=1
𝑛 𝑆𝑖𝑝𝑖 (A5.11) 
Note that this expressions is applicable to the cost minimisation problem without 
technological change such as  
 min 𝑃𝑖𝑋𝑖  
 𝑄 = 𝑓(𝑋1, … , 𝑋𝑛) (A5.12) 
For the case of technological changes, the cost minimisation problem becomes 
 
minΣ𝑖=1
𝑛 (
𝑃𝑖
𝐴𝑖
)(𝐴𝑖𝑋𝑖) 
 
 𝑄 = 𝑓(𝐴𝑖𝑋1, … , 𝐴𝑛𝑋𝑛) (A5.13) 
Following the procedure from (A3.2) to (A3.11), the zero profit condition, given technological 
changes is 
 𝑝 =  Σ𝑖=1
𝑛 𝑆𝑖(𝑝𝑖 − 𝑎𝑖) (A5.14) 
When a single energy efficiency improvement technology happens, holding other 
technological terms constant as well as prices, the price of the output will change by −𝑆𝑖𝑎𝑖 
where 𝑖 denotes the input of energy. 
A.5 Derivation of the zero profit condition 
Begin with a general single output production function  
 𝑄 = 𝑓(𝑋1, … , 𝑋𝑛) (A5.1) 
Totally differentiating the above equation gives 
 
𝑑𝑄 =
𝜕𝑓
𝜕𝑋1
𝑑𝑋1 + ⋯ +
𝜕𝑓
𝜕𝑋𝑛
𝑑𝑋𝑛 
(A5.2) 
Denote the first partial derivative 
𝜕𝑓
𝜕𝑋𝑖
by 𝑓𝑖. Therefore, 
 𝑑𝑄 = Σ𝑖=1
𝑛 𝑓𝑖𝑑𝑋1 (A5.3) 
The first order condition of the cost minimisation problem implies 𝑃𝑖 = 𝜆𝑓𝑖, where 𝑃𝑖 is the 
price of intermediate input 𝑖, 𝜆 is the Lagrangian multiplier which can be interpreted as the 
extra cost to the firm of producing one more unit of output. In a perfectly competitive market, 
the price of output 𝑃 is driven down by entry and exit of firms until it equals 𝜆 in equilibrium. 
Therefore, 
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 𝑃𝑖 = 𝑃𝑓𝑖 (A5.4) 
Or  
 
𝑓𝑖 =
𝑃𝑖
𝑃
 
(A5.5) 
Substituting (A5.5) into (A5.3) yields 
 
𝑑𝑄 = Σ𝑖=1
𝑛 𝑃𝑖
𝑃
𝑑𝑋1 
(A5.6) 
Multiplying the terms 𝑋𝑖/𝑋𝑖 on the right hand side of the equation above and dividing both 
sides by 𝑄 gives 
 𝑑𝑄
𝑄
= Σ𝑖=1
𝑛 𝑃𝑖𝑋𝑖
𝑃𝑄
𝑑𝑋𝑖
𝑋𝑖
  
(A5.7) 
The above expression can be rewritten by the percentage terms as 
 𝑞 = Σ𝑖=1
𝑛 𝑆𝑖𝑥𝑖  (A5.8) 
where  𝑞 is the percentage change in output, 𝑆𝑖 is the share of input 𝑖 in total costs, and 𝑥𝑖 
is the percentage change of demand for input 𝑖. 
The zero profit condition means that the competitive entry and exit in an industry will drive 
the industry to zero profit equilibrium, such that, 
 𝑃𝑄 = Σ𝑖=1
𝑛 𝑃𝑖𝑋𝑖  (A5.9) 
Total differentiating the above equation then dividing both sides by 𝑃𝑄 gives 
 𝑝 + 𝑞 =  Σ𝑖=1
𝑛 𝑆𝑖(𝑝𝑖 + 𝑥𝑖) (A5.10) 
Substituting the equation (A5.8) into (A5.10) yields the zero profit condition expressed by 
the price terms 
 𝑝 =  Σ𝑖=1
𝑛 𝑆𝑖𝑝𝑖 (A5.11) 
Note that this expressions is applicable to the cost minimisation problem without 
technological change such as  
 min 𝑃𝑖𝑋𝑖  
 𝑄 = 𝑓(𝑋1, … , 𝑋𝑛) (A5.12) 
For the case of technological changes, the cost minimisation problem becomes 
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minΣ𝑖=1
𝑛 (
𝑃𝑖
𝐴𝑖
)(𝐴𝑖𝑋𝑖) 
 
 𝑄 = 𝑓(𝐴𝑖𝑋1, … , 𝐴𝑛𝑋𝑛) (A5.13) 
Following the procedure from (A3.2) to (A3.11), the zero profit condition given technological 
changes is 
 𝑝 =  Σ𝑖=1
𝑛 𝑆𝑖(𝑝𝑖 − 𝑎𝑖) (A5.14) 
When there is a single energy efficiency improvement technology happens, holding other 
technological terms constant as well as prices, the price of the output will change by −𝑆𝑖𝑎𝑖 
where 𝑖 denotes the input of energy. 
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Appendix B: VAR regression results 
 
 Vector Autoregression Estimates  
 Date: 08/22/17   Time: 09:59  
 Sample (adjusted): 1992 2014  
 Included observations: 23 after adjustments 
 Standard errors in ( ) & t-statistics in [ ] 
    
     PV SUV LCV 
    
    PV(-1)  0.863372  0.037589  0.052453 
  (0.36597)  (0.17980)  (0.08108) 
 [ 2.35911] [ 0.20907] [ 0.64692] 
    
PV(-2)  0.083176  0.016925  0.078333 
  (0.44263)  (0.21746)  (0.09806) 
 [ 0.18791] [ 0.07783] [ 0.79880] 
    
PV(-3) -0.261880 -0.156294 -0.197526 
  (0.42377)  (0.20819)  (0.09389) 
 [-0.61798] [-0.75072] [-2.10389] 
    
PV(-4)  0.123765  0.098773  0.146075 
  (0.38872)  (0.19097)  (0.08612) 
 [ 0.31840] [ 0.51722] [ 1.69618] 
    
SUV(-1) -0.496116  0.762451 -0.131563 
  (0.82624)  (0.40592)  (0.18305) 
 [-0.60045] [ 1.87835] [-0.71872] 
    
SUV(-2)  0.084311  0.593737  0.131578 
  (1.21445)  (0.59664)  (0.26906) 
 [ 0.06942] [ 0.99514] [ 0.48903] 
    
SUV(-3)  1.054063  0.184750  0.295932 
  (1.29750)  (0.63744)  (0.28746) 
 [ 0.81238] [ 0.28983] [ 1.02946] 
    
SUV(-4) -0.659859 -0.664558 -0.186608 
  (1.27332)  (0.62556)  (0.28210) 
 [-0.51822] [-1.06234] [-0.66149] 
    
LCV(-1)  0.219160 -0.313142  1.098199 
  (1.68493)  (0.82778)  (0.37330) 
 [ 0.13007] [-0.37829] [ 2.94190] 
 252 
    
LCV(-2) -0.478957 -0.549646 -0.933060 
  (2.18541)  (1.07366)  (0.48418) 
 [-0.21916] [-0.51194] [-1.92710] 
    
LCV(-3)  0.309885  0.888278  0.509361 
  (2.18255)  (1.07225)  (0.48354) 
 [ 0.14198] [ 0.82842] [ 1.05339] 
    
LCV(-4) -0.003623  0.334475  0.042297 
  (1.46826)  (0.72133)  (0.32529) 
 [-0.00247] [ 0.46369] [ 0.13003] 
    
C  110329.6 -15177.26 -10520.29 
  (132802.)  (65243.7)  (29422.4) 
 [ 0.83078] [-0.23262] [-0.35756] 
    
     R-squared  0.801740  0.980827  0.981358 
 Adj. R-squared  0.563829  0.957820  0.958988 
 Sum sq. resids  1.53E+10  3.68E+09  7.49E+08 
 S.E. equation  39058.61  19188.86  8653.439 
 F-statistic  3.369911  42.63118  43.86937 
 Log likelihood -266.2320 -249.8851 -231.5685 
 Akaike AIC  24.28104  22.85957  21.26683 
 Schwarz SC  24.92284  23.50137  21.90863 
 Mean dependent  545097.6  156100.3  140539.8 
 S.D. dependent  59140.96  93432.07  42730.20 
    
     Determinant resid covariance (dof adj.)  9.96E+24  
 Determinant resid covariance  8.19E+23  
 Log likelihood -731.1202  
 Akaike information criterion  66.96698  
 Schwarz criterion  68.89238  
    
    
 
 
 
